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Summary  of  Contents 


Along  with  the  rapid  development  of  modern  Industry  noise  itself 
becomes  one  of  the  International  invironmental  pollutants.  How  we 
will  combat  noise  is  an  important  question  of  environmental  protec¬ 
tion.  This  paper  emphasizes  the  analysis  of  the  mechanisms  which 
produce  aerodynamic  noise,  presents  the  noise  characteristics  of 
typical  aerodynamic  equipment,  investigates  the  basic  principles  of 
eliminating  various  types  of  noises  and  the  methods  of  planning 
and  design,  and  cites  actual  applications  of  noise  elimination. 

This  book  uses  practical  experience  as  the  basis  and  at  the 
same  time  incorporates  domestic  and  foreign  advanced  technology 
reflecting  the  basis  state  of  affairs  of  this  branch  of  learning. 

This  paper  is  for  the  reference  of  acoustic  and  aerodynamics 
workers,  scientific  research,  planning  and  factory  and  mine  technical 
personnel  and  workers  involved  with  the  mechanical,  metallurgical, 
construction  petrochemical  and  defense  industries  and  personnel 
in  environmental  protection,  work  safety,  and  industrial  hygiene. 


Foreword 


Following  modern  industrial  development,  machinery  has  become 
more  powerful,  the  rotation  speed  has  become  faster,  and  the  noise 
they  produce  also  has  become  stronger.  Noise  makes  people  uncom¬ 
fortable,  and  affects  their  work  and  rest.  It  is  commonly  said 
that  nine  out  of  ten  riveters  are  deaf.  This  suggests  the  hearing 
of  workers  is  affected  with  long-term  e.xposure  to  noise.  Noise 
can  also  affect  the  general  health  and  cause  high  blood  pressure 
and  heart  disease.  By  diverting  one's  concentration,  it  is  often 
the  cause  of  various  accidents.  Furthermore,  under  very  strong 
noise,  sensitive  instruments  will  malfunction,  causing  the  failure 
of  rockets  and  spacecraft.  Therefore,  noise  has  recently  been 
recognized  as  an  international  public  hazard.  How  to  combat  noise 
becomes  an  important  concern. 

This  book  mainly  discusses  aerodynamic  noise  and  sound  suppres¬ 
sors.  Aerodynamic  noise  is  one  of  three  major  types  of  noise.  It 
is  also  the  one  most  commonly  encountered  and  most  serious  in  causing 
damage.  Among  the  sources  of  aerodynamic  noise,  there  are  e.xhausts 
from  automobiles  and  tractors,  supersonic  jet  airplanes,  air  cond¬ 
itioners  in  modern  buildings,  air  exchangers  used  in  mining,  blowers, 
air  compressors,  turbines,  and  internal  combustion  engines.  Chap¬ 
ter  1  introduces  the  fundamentals  of  sound  waves  and  noise;  Chapter 
2  analyzes  the  mechanisms  of  aerodynamic  noise  formation  and  intro¬ 
duces  the  noise  characteristics  of  typical  aerodynamic  equipment; 
Chapter  3  studies  aerodynamic  noise  control  --  the  fundamentals  and 


V 


calculations  of  various  sound  suppressors;  Chapter  4  discusses 
the  actual  applications  of  sound  suppressors. 
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CilAPTER  1.  P’UNDAMENTALS  UF  SuUND  WAVE  AND  NOISE 

I-l.  Vibrations,  Sound  Wave  and  Noises 
I-l-l.  Vibrations  and  Sound  Waves 

There  are  all  kinds  of  sound  at  all  tiours  in  our  eiivironraerit ,  e.g., 
people  talking,  wind  whistlitig,  cars  moving,  machines  rotating,  ....  In 
short,  there  is  sound  accompanying  us  at  any  time  and  in  any  situation. 
With  sucli  a  close  relationship  with  sound,  we  are  very  mucn  interested 
in  knowing  the  nature  of  sound,  its  character,  its  production 
and  :'ro  paga  t  ion ,  as  well  as  its  measurement. 

When  we  hit  a  drum  with  a  hammer,  we  hear  tlie  drum  sound.  We  will 
find  at  this  moment  vibrations  of  the  drum’s  surface.  If  we  press  tiie 
surface  to  stop  the  vibrations,  the  sound  then  disappears .  Therefore, 
it  can  he  concluded  tiiat  sound  is  produced  from  vibrations  of  certain 
materia  Is . 

Not  only  solids  can  produce  sound  tr.rough  vibrations;  gases 

aiid  iiijuids  can  do  just  the  same.  For  e.xample,  t(,e  siren  of  ttie  train 
is  caused  by  tlie  passage  of  steam  through  a  horn,  while  tiie  ocean  wave 
iroduces  sound  from  the  vibrations  of  a  liquid. 

The  sound  jiroduced  by  the  vibration  o  f  a  source  can  not  be  heard 
bv  us  if  there  is  no  projiagation  medium.  That  is,  sound  can  only 
propagate  in  a  medium.  Fur  a  clock  enclosed  in  a  glass  jar,  we  can  hear 
the  “lo king  through  the  air.  When  the  air  is  lumped  away,  the  s^und 
becomes  weaker  and  weaker  and  eventually  d i sa pnea rs  -  -  comp lete ly  when 
vacuum  is  achieved.  This  ciearly  demonstrates  that,  without  air,  the 
sound  can  not  be  propagated. 

However,  without  air,  the  sound  can  still  propagate  through  liquid 
or  solid.  By  putting  our  ears  against  the  steel  track,  we  cun  hear  tne 
a  >  roaching  train  at  a  far  distance. 
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In  short,  vibrating  bodies  are  sources  of  sound,  V'^ibration  in 
an  elastic  medium  (gas,  liquid  and  solid)  propagates  as  a  wave.  This 
elastic  wave  is  called  the  sound  wave.  For  a  certain  frequency  range, 
the  sound  wave  affects  human  ears  to  cause  a  hearing  sensation. 

We  can  use  Fig.  1.1  to  explain  the  vibrations  and  the  wave: 


Fig.  l.l.  V'i  brat  ions  and  \vave 

If  one  strikes  the  end  of  a  thin  steel  ruler,  tlie  ruler  will  oscillate 
back  and  forth.  Ttiis  regular  oscillation  is  called  vibration.  when  the 
ruler  bends  towards  the  right,  the  air  to  its  right  is  compressed  to 
form  a  C'Hdensation  region  I,  This  condensed  region  I  will  tnen  compress 
its  neigliboring  area  on  the  rigtit,  II,  tnus  causing  the  region  II  to 
become  condensed.  un  the  other  hand,  when  the  ruler  bends  towards 
the  left,  leaving  an  evacuated  region  on  its  right,  tlie  air  of  region 
I  will  rush  into  this  evacuated  region,  as  a  result,  tlie  region  l 
becomes  less  condensed  to  form  a  rarefaction  region.  At  tiiis  moment 
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region  II  has  become  the  condensed  region.  The  air  tiiere  continues 
to  press  towards  the  right,  causing  the  region  III  to  become 
condensed.  When  the  ruler  changes  its  direction  towards  the  right 
again,  the  region  I  becomes  condensed  once  more,  while  the  region  II 
becomes  less  condensed  by  compressing  the  region  III  to  become  condensed. 

Due  to  the  elasticity  and  inertia  of  the  air,  the  vibrating  steel 
ruler  makes  the  air  in  its  vicinity  become  more  and  less  condensed 

alternately.  This  density  modulation  process  j)ronagates  outward  in 
the  form  of  a  soundwave  with  a  well-defined  velocit>.  Therefore,  the 
sound  wave  is  basically  the  result  of  the  density  ciiange  of  the  medium. 

It  should  be  noted  that,  while  the  sound  wave  propagates,  air 
itself  does  not  actually  move  along  witti  it.  Rather  the  air  particles 
only  oscillate  around  their  ecjuilibrium  positions.  The  same  situation 
occurs  in  water  waves  initiated  by  a  stone  dropped  into  tne  water; 
any  material  floating  on  tlie  water  surface  only  oscillates  back  and 
fjrtli  witliout  moving  awav.  This  Indicates  tiiat  there  is  no  net  water 
flow,  only  tile  water  wave  propagates. 

As  we  know,  tne  air  pressure  rises  and  dro()S  as  tin.  density 
increases  and  decreases,  respectively.  Tiierefore,  tlio  jropagating 
process  as  induced  by  the  densitv  cliange  can  also  be  viewed  as  that  of 
propagating  pressure.  When  this  clianging  pressure  enters  human  ears, 
causing  ti.e  ear  drums  to  vibrate,  these  signals  are  interpreted  bv  rhe 
nervous  system  as  sound. 

As  siiown  in  Fig.  1.1.,  every  time  the  steel  ruler  makes  one  complete 
vibration,  air  will  be  affected  to  foim  a  high-low  density  wave  component. 

The  number  of  vibrations  ])er  second  is  called  tlie  frequency,  f,  and 
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its  unit  is  Hertz  (abbr.  Hz).  For  human  beings,  only  tnose  vibrations 
with  20-20,000  Hz  can  cajse  a  hearing  sensation.  The  ultra-sound  witti 
frequencies  higher  than  20,000  Hz  and  the  sub-sound  with  frequencies 
less  than  20  Hz  are  not  detectable  by  human  ears. 

The  propagating  speed  of  a  sound  wave  in  a  medium  is  called  the 
sound  s teed,  as  expressed  by  c  with  units  of  m/sec.  At  ambient 
temperatures  {200c)  and  under  standard  atmospheric  pressure,  tiie  sound 
velocity'  in  air  is  3^4  m/sec.  The  sound  velocity  changes  with  cbrn-ring 
teraoera  tures .  At  0*^0,  c  =  331.5  m/sec.  At  any  temperature  t^C, 

0=351.5  +  0.607t  (m/sec),  (1.1) 

i.e.,  the  sound  velocity  increases  by  O.bO;  m^  sec  for  every  1^*0 
increase  in  temperature. 

The  sound  velocity  varies  witli  medium.  In  air  it  is  3^^  m  'sec; 
in  water,  1450  m/sec;  and  in  steel,  5000  m/sec.  Therefore,  we  ca;i 
detect  the  approactiing  train  by  sound  earlier  tiirougli  the  steel  rail 
than  through  ttie  air. 

In  a  S)und  wave  tiie  distance  between  two  neignboring  condensation 
regions  or  two  neighboring  rarefaction  regions  is  called  the  wave 
length,  with  units  in  m. 

The  wavelength  X)  frequency  f,  and  sjund  velocit>  c  are  three 
important  quantities  in  the  study  of  sound.  They  are  related  by 


At  ambient  temperatures,  if  f=20  Hz,  then  X=  17.2  ra,  a.^d  if 
f  =  2U,oOO  Hz,  Therefore,  at  ambient  temperatures,  (luman 

ears  can  detect  sound  waves  with  a  wavelength  range  between  0,0172  and 
17.2  m.  Fig.  1.2  illustrates  the  relationship  between  the  wavelengtn 
a.jd  fre<iueiicv  of  sound  waves  at  ambietit  teiniiera ture . 
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It  is  obvious  that  the  wavelengths  of  a  given  frequency  will  be 
different  in  different  media. 


1.1.2.  Noise 

What  is  noise?  Noise  is  one  kind  of  sound  wave  with  all  the 
characteristics  of  soundwaves.  Fr^m  the  jihysics  viewpoint,  noise  refers 
to  sound  without  a  regular  pattern  of  intensity  and  freijuency.  However, 
under  a  broader  definition,  any  sound  not  recjuired  by  peipile  can  be 
categorized  as  noise.  For  e.\ample,  niano  sound  is  music.  But  to  neoi-le 
in  sleep  or  reading  it  also  becomes  a  form  of  disturbance. 

According  to  its  source,  noise  can  be  basically  categorized 
into  aerodynamic,  mechanical,  and  electromagnetic  noise.  Aerodynamic 
noise  is  induced  by  vibrations  of  gases.  When  a  gas  has  an  eddy  current 
or  has  a  sudden  ch^.nge  in  [iressure,  there  will  be  noise  caused  by  gas 
vibrations.  Typical  examples  include  those  from  blowers,  air  conditioners, 
air  compressors,  ejectors,  jet  airplanes,  rockets,  sirens  exhaust 

gases.  Mechanical  noise  is  induced  by  the  vibrations  of  solids. 

Through  collisions,  friction  ,  and  transmissions  under  mechanical  forces 
the  sheet  metals,  ball  bearings,  and  gears,  etc.,  of  machinery  vibrate 
to  form  mechanical  noise.  Electromagnetic  noise  is  induced  by  the 
changing  magnetic  field,  which  causes  the  electrical  components  in 


generators  or  transformers  to  form  noise 
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According  to  freiiuency  distributions,  noise  can  be  distinguished 
in  terms  of  noise  with  or  without  a  tune.  A  tuned  noise  has  a  clear 
fundamental  frequency  and  its  accompanying  overtones.  It  is  usually 
caused  by  rotating  machinery  (e.g.,  blowers).  An  untuned  noise 
has  no  well  defined  fundamental  frequency  and  overtones.  A  typical 
example  is  that  caused  by  exhausting  gases. 

1 . 2  Physical  Parameters  of  Noise 

Sound  pressure  (sound  pressure  level),  sound  intensity  (sound 
intensity  level),  sound  power  (sound  power  level)  and  frequency 
(frequency  band)  are  generally  used  as  physical  parameters  of  noise. 

1.2.1.  sound  Pressure,  Sound  Intensity,  Sound  Power 

A  soundwave  induces  oscillations  of  air  .articles,  which  lead  to 
fluctuations  in  pressure.  The  variations  from  static  "ressure  are 
called  the  sound  pressure,  P,  with  units  in  N,  m*" .  In  general,  sound 
j ressure  refers  to  the  effective  sound  pressure  (i.e.,  tne  root  mean 
S'luare  value )  . 

The  threshold  audible  sound  pressure  for  normal  human  ears  is 

—  5  -  2  ■’ 

2  X  10  ^  \/m  .  The  sound  pressure  in  a  typical  room  is  0.1  N’,  m“,  a 

loud  cry  has  a  sound  pressure  of  O.p-l  N/m^' ,  the  noise  from  a  weaving 

•  > 

machine  is  3  N'/m“.  Very  strong  noises  from  jack  hammers  and  air 

•  t 

blasters  can  reach  20  N/ra" ,  and  cause  pain  in  human  ears.  The  threshold 

» } 

sound  pressure  to  cause  such  pain  is  20  N,  m*".  When  the  pressure  reaches 
several  hundred  N,m",  it  will  damage  the  ear  drum  (.bleeding). 
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Sound  pressure  is  a  commuti  physical  quantity  for  measurine  the 
strength  of  a  given  sound.  Most  receivers  (transmitters)  respond  to 
sound  pressures. 


Being  one  kind  of  waves,  sound  has 


a  fixed  energy. 


Therefore,  we  cati  also  use  energy  to  express  the  strength  of  sound 
propagation.  This  leads  to  two  other  physical  quantities;  the  intensity 
and  the  power  of  sound. 

Intensity  of  sound  is  measured  as  the  energy  passing  tiirough 
a  unit  area  perpendicular  to  the  propagation  direction.  It  is  generally 

t » 

expressed  by  I,  with  units  in  Watt/m'^. 

The  power  of  sound  refers  to  the  total  energy  delivered  by  the 
source  in  unit  time.  It  is  generally  expressed  by  W,  with  units  in 


watt, 


The  nower  W  and  the  intensity  I  are  related  by  the  equation: 


(1.5) 


wiiere  S  is  the  enc  osed  surface  area  around  tlie  source;  1^^  is  tlie 
inteisity  component  along  the  normal  direction  of  a  spherical  surface. 
In  a  free  sound  field  (i.e.,  sound  propagates  freely  without 


reflection),  ttie  sound  pro[)agates  spherically; 


^Spherical  4*r*’ 


(l.M 


wtiere  r  is  the  dista..ce  in  m;  and  Ig^^^^erical  average  intensity 

*  > 

in  Watt  m“  at  the  spherical  surface. 

If  ttie  source  is  located  on  the  ground  in  an  open  area,  tlie  sound 
wave  propagates  only  semi-spherica 1 ly.  Then, 


Serai-Sph.  2jrr’’ 


(1.5) 
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where  ^semi-b'h  average  intensity  in  watt/m‘‘  at  the  semi- 

S  'herical  surface. 

Krum  eijuations  ( 1  .  A )  and  (1.5),  it  can  be  seen  that  the  puwer  of 
a  given  sound  source  is  a  constant.  At  different  points  in  space. 


intensities  are  different,  and  are  inversely  proportional  to  r" ,  with 
r  being  the  distance  from  the  source. 


In  a  free  sound  field,  intensity  is  related  to  sound  pressure. 


pe 


(l.o) 

where  f  is  the  densit\  of  the  medium,  c  the  speed  of  propagation,  the 
product  j*c  the  siiecific  acoustic  resistance  of  the  medium  to  the  sound 
propagation.  For  air,  at  20'^C  and  under  normal  atmospherical  pressure 
-  413  Rayls.  The  specific  acoustic  resistance  cnanges  witn 
ctianging  temjjerature  and  atmospherical  pressure. 

In  a  free  sound  field,  sound  jiower  arid  sound  ^.ressure  are  related 


\v  ^Spiierical  (!•') 

where  is  the  average  sound  pressure  at  the  spherical  surface. 

In  a  hemispherical  sound  field,  sound  power  and  sound  pressure  are  related: 

PV  »  25^ em i-  s p  n .  q 

pe 

where  Psemi-sph.  average  sound  pressure  at  the  hemi-spherical  surface. 

From  the  audible  region  to  the  threshold  of  pain,  the  intensity  ranges  from  10’^“ 
to  1  Watt/m''. 

1.2,::.  Level  and  Decibel 

Between  the  audible  region  and  the  tnrcshold  of  pain,  ti.e  s  jund 

pressure  ratio  is  10^:1,  i.e.,  different  bv  one  million  times.  The 

1  2 

intensit'.-  ratio  is  10  :1,  It  is  obvious  that  it  is  not  .ractical  to 


use  eiti.er  sound  pressure  or  intensity  to  express  tne  magnitude  of 
sound  ei.ergy.  Therefore,  logarithmic  ratios  —  levels  arc  ititrodnoed 
They  are  sound  pressure  levels,  sound  iritensity  levels  and  souiui  power 


levels.  This  is  the  same  ai);)roach  as  in  expressing  the  level 

j  1  wind  or  an  earthijuake. 

Their  mathematical  definitions  are: 

Sound  pressure  level: 

Lp  =  20  log  (P/Pq)  (decibel),  (1.9) 

with  P  =11x10  ^  N/'m^  as  the  reference  sound  pressure, 
o 

sound  intensity  level: 

Lj  =  10  log  (l/lg)  (decibel),  (1.10) 

with  1^=10  watt/m“  as  the  reference  sound  intensity. 

Sound  riower  level: 

=  10  log  (W  V^)  (decibel),  (1.11) 

-1  'j 

with  'rt^=lu  watt  as  the  reference  s >und  oower. 

'J 

P  and  I  are,  respectively,  the  audible  sound  pressure  at  1 oOO  Hz 
and  its  corresponding  sound  intensity.  by  taking  the  logarithmic  ratio 
of  P  and  multiplying  it  by  20,  one  obtains  the  sound  pressure  level 
of  P.  By  taking  the  logarithmic  ratio  of  I  and  multiplying  it  by 
10,  one  obtains  the  sjund  intensity  level  of  I. 

The  unit  of  sound  pressure  level,  sound  intensity  level,  and  sound 
power  level  is  the  decibel.  This  dimensionless  unit  for  levels  was  first 
introduced  in  electrical  engineering.  In  the  latter,  the  logarithmic 
’•••tio  of  two  power  values  is  often  used  to  exijress  the  gain  of  an 
amplifier  or  the  signal-to-no ise  ratio.  Such  a  unit  is  called  a  Bel. 

A  decibel  (db)  is  one-tenth  of  a  Bel.  Therefore,  the  decibel  is  the  unit  of 

tiie  logaritumic  ratio  of  two  power  values,  multiplied  bv  lu.  For  a 

network  with  input  power  Vv  and  output  power  W,,,  the  amplification  of 
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1C 


the  network  is  log(W.,/Wj)  in  Bet,  and  10  log(W2/'»j^)  in  db.  When 
Wj^=0.1  microwatt,  W2  =  l  microwatt  the  power  gain  is 
10  log(ly  0.1)  =  10  db 

When  '*j  =  l  watt  and  W^  =  10  watt,  the  power  gain  is  still  10  db: 

10  log(10  ^1)  =  10  db 

It  is  clear  then  that  the  gain  as  expressed  in  db  does  not 
represent  the  actual  power  or  the  values  of  either  input  or  output 
powers.  Instead,  it  only  indicates  the  ratio  between  the  outiiut  and 
the  input  power.  On  the  other  hand,  10  db  in  gain  means  an  increase  of 
10  to  1,  the  gain  of  20  db  means  an  increase  of  lOO  to  1,  and  that  of 
30  db  means  an  increase  of  1000  to  1.... 

In  electricity,  when  the  resistance  is  constant,  the  power  ratio 
is  equal  to  the  stjuare  of  the  voltage  ratio; 

W./Wj  =  (V^„  Vj)“ 

where  V,^  and  are  output  voltage  and  injiut  voltage,  respectively. 
Therefore , 

10  log(W^/Wj)  =  lu  log{V^/Vj)"  =  20  ]og{.V^  V^). 

In  acoustics,  sound  ,ower  and  sound  pressure  correspond  to  the 
electrical  power  and  voltage,  respectively; 


II 

> 

10 

log(V»^/  Wj ) 

(db). 

(1.12) 

10 

l^g(F.,.  P,  )*■’  =  -0 

*m  X 

l'Jg(P.  Pj) 

(db)  . 

(1.13) 

By  replacing 

by  the  reference 

value  W  and 

0 

re  plac ing 

1',,  bv 

the  measured  W,  Equation  (1.12)  then  becomes  Equation  (l.ll).  Similar  y, 
by  replacing  P,  by  P  and  P,,  by  P,  Equation  ( 1  .  1  I )  changes  to  Equation 
(1.9). 

i’rjm  the  audible  region  to  tin-  threshold  of  pain,  the  sound 

pressure  change  is  2xlo  "’-20  \/m“  and  the  sound  intensity  cuaiige  is 
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10  “"-I  watt/m  .  By  substituting  them  into  Equations  (1.9)  and  (1.10), 

tbe  changes  in  sound  pressure  level  and  sound  intensity  level  are 
both  0-120  db. 

Figure  3  stiows  the  curves  for  converting  sound  T)ressure,  sound 
intensity,  and  sound  power  to  sound  pressure  level,  sound  intensity 
level,  and  sound  power  level,  respectively. 

It  is  clear  thatiby  introducing  the  concept  of  levels,  one  can 
reduce  the  order  of  magnitude  in  changes  in  sound  pressure  or  sound 
intensity  and  power  from  10^  or  10^*”  to  0-120.  (Even  with  a  sound 
pressure  of  several  hundred  N./m  beyond  the  ttireshold  of  pain,  ai.d 
a  sound  power  of  te(i-thousand  watt,  from  the  strong  noise  of  a  jet 
airplane,  the  sound  pressure  level  is  still  only  140-150  db  and  sound 
power  level  is  luO  db).  Consequently,  this  conveiiient  and  logical 
way  of  expression  has  been  widely  accepted. 

Since  tne  decibel  is  a  logarithmic  unit,  it  can  not  be  calculated 
using  simple  arithmatic.  one  has  to  follow  the  logarithmic  ooerations. 
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The  addition  of  decibels;  The  addition  of  one  sound  witli  90  db 


to  another  with  b8  db  does  not  e(4ual  178  db.  Rather,  from  Fig.  1.^ 
or  Table  1.1,  one  finds  first  the  increment  AL  =  .  1  db  corresponding 

to  the  difference  L j-L j ^=90-86=2  db;  then  add  this  AL  to  the  higtier 
Lj  value  to  obtain  ^  =90  +  2 . 1  =92 . 1  db.  For  adding  severai  decibel 

together,  one  should  follow  this  procedure  step  by  step. 


Fig.  1 . The  Increment  of  Decibel  Additions 
Table  1.1  The  Increment  of  Decibel  Additions 


Level  difference  L 
between  I  and  I  t 

Level  increment  ^L(  rfc  ) 

beyond  the  higher  level 
between  I  and  II 


0 

1 

2 

} 

1 

1 

M 

e,  j  ;  j  8  j  9  1  10 

X  Ol 

! 

7  S ' 

2.1 

l.S* 

1.5 

1  ^ 

1 1.: 

;  1  .U  :0.  b  1  0.  (|  0.5  j  U.  < 

AL(«-n) 

1 

1  1  1  1  1 

The  same  procedure  should  be  used  to  calculate  the  average  of 
n  decibel  values,  by  adding  tlie  decibels  of  all  sound  coraponetits 
together,  and  subtracting  10  log  n  from  the  summation. 

For  example,  to  determine  toe  average  value  of  9o,  95,  9'J,  arid 
8»  db,  we  can  use  Fig.  1.^:  the  sum  of  9-0  and  95  db  is  9T.1  db;  97.1 
and  90  db  is  97*9  db;  97.9  and  b8  db  is  9b. 3  db;  finally,  with 
10  log  4  =  b,  9b. 3  -  o  =  92.3  db.  The  integer  decibel  value  would 
tuen  be  92. 

To  let  the  readers  have  more  direct  feeling  on  levels  and  decibels 
Fig.  1.2  lists  the  sound  (lOwer  level  of  several  commonly  encountered 


noise  sources. 
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1.2.5.  Frequency  Band 

Audible  sound  has  a  frequency  ra.ige  between  20  and  20000  Hz.  The 
cwj  extreraes  represent  a  variation  of  1000  in  ratio.  For  convenience, 
we  divide  the  broad  freiiuenC;  range  into  several  sub-grouns.  They 
are  so-called  frequency  bands. 

In  noise  measurements  tne  most  commonly  used  bands  are  based  on 
tne  ratios  of  2  or  l/3. 

The  baiid  with  a  ratio  of  2  refers  to  tne  case  where  tlie  two  extreme 
frequencies  are  2:1. 

The  central  frecjuencies  of  commonly  used  bands  of  this  type  are 

51.5,  h5,  125,  250,  500,  1000,  2000,  ^000,  bOOO ,  and  loOOO  Hz.  If 

the  central  fre((uency  of  a  given  band  is  f ^ ,  a..d  tiie  upper  a  id  lower 

limiting  frequencies  are  f^  and  fj^,  then  V  fu'  /i ,  /u  ” /c» 
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The  ten  frequency  bands  mentioned  above  can  cover  the  whole 


audible  sound  range.  It  maizes  the  measurements  simiiler.  In  fact, 
in  noise  control  and  field  measurements,  one  needs  only  eight  bands 
covering  b3  -  800U  Hz.  This  is  shown  in  Table  1.3- 


Table  1.3  Octave  Frequency  Bandwidths  (lEC) 


1) 


Central 

I reauency ( ; 
Freouency  range- 
(Hz ) 


4> 

63 

125 

250 

500 

1  k 

2  k 

1 

4  k 

8  k 

90— 

180 

180— { 
355 

3S5-q 

710 

710— 

1400 

1  4/Vt 

2800— 

5600 

5600— 

1 1200 

<5— 90 

2800 

0  lEC 

1)  lEC  is  abbr .  of  International  Electrical  Engineering  Committee 
In  order  to  obtain  the  more  detailed  frequency  sqectra,  one  can 
use  half-octave  or  third-octave  bands.  This  is  to  subdivide  a  given 
frequency  band  into  two  or  three  sections.  The  central  frecjuencies 
of  the  half-octave  bands  are:  31.5,  ^5,  bj,  90,  125,  IbU,  250,  355, 

500,  710,  1000,  l^jOU,  2000,  2S00,  4000,  5dOO,  bOOO ,  11200,  luOOO  Hz; 
those  of  the  tti  ird-oc  ta  ve  bands  are:  40,  50,  03,  »0 ,  100,  125,  1  oO ,  200, 
250,  320,  400,  500,  050,  bOO,  1000,  12-50,  IbUO,  2U0U ,  2:jUU,  52UU,  4000, 
5000,  b30U,  SOOO,  10000,  12500,  IbOOO  Hz. 


Using  the  frequency  (frequency  band)  as  abscissa,  and  sound 
pressure  level  (sound  intensity  level,  sound  power  level)  as  ordinate, 
a  noise  analysis  diagram  can  be  drawn.  It  provides  information  on  the 
components  and  characteristics  of  the  noise.  This  is  called 
frequency  spectral  analysis.  Fig.  1.5  shows  the  noise  frequency  spectra 
of  a  1-riOlb  tv’ie  air  compressor. 

Fig.  l.u  indicates  the  noise  frequency  spectra  of  a  Ur?U0-2l 
centrifugal  fan  . 

Fig.  1.7  shows  the  noise  frequency  spectra  for  a  K-550-ol-l 


turbine  compressor. 


14 


>1^ 
(S  <u 

4->  > 

o  u 

Or-I 


63  125  2  30  500  lie  2k  4k  Ilk 


Freouency  (Hz; 


1-nOlB  Air  Comyressor  —  Noise  Frequency  S[)ectra 


c  r 
o 

03  rH 
d) 

0)  > 
>  d; 
CC 
-p 

c  c 
o  ^ 

I  - 

x:  0) 

U} 

•H  Cl) 


Freruency  (':z) 

D300-21  Centrifugal  Fan  —  Noise  Frequency  Snectra 


o 

Jh 


c;  3: 


■C  r-4 

C  O 
3  > 
o  o 


Frenuency  (Hz) 

K-35i>-t>l-l  Turbine  Comnressor  —  Noise  Frei|uency 


Snec  tra 


^  1.3  Prupagation  oi'  Sound  Wave 

1.3.1  Reflection,  Refraction,  Diffraction  and  Interference  of 
Sound  Waves 

When  a  sound  wave  reaches  an  obstacle,  reflection  may  occur.  The 
conditions  for  reflection  de^jend  on  the  wavelength  of  the  sound  and 
the  dimensions  of  the  obstacle  as  well  as  the  smoothness  of  its  surface. 
When  the  wavelength  is  shorter  than  the  dimension  of  the  obstacle,  the 
sound  can  easily  be  reflected.  When  the  wavelength  is  greater  than 
the  dimensions  of  the  roughness  of  the  surface,  the  surface  will  lead 
to  regular  reflections.  If  the  wavelength  is  about  the  same  as  or  shorter 
tlian  tile  dimensions  of  the  roughness  of  the  surface,  the  sound  wave  will 
end  in  a  diffuse  reflection.  Since  tiie  wavelength  of  noise  ranges 
from  several  cm  to  more  tlian  10  m,  the  reflection  of  noise  is  rather 
comp  I ica  ted . 

The  ratio  between  the  reflected  sound  e.  ergy  and  ttie  incident 
sound  energy  is  called  the  reflection  coefficient.  From  a  medium 
with  specific  acoustic  resistance  into  another  medium  with 

the  reflection  coefficient  r  of  a  normal  incident  sound  wave  is 


Table  1,^*  lists  the  specific  acoustic  resistance  of  several 
common  media.  Tlie  negligibly  small  air  resistance  (413  Ra:lE) 
in  comparison  with  that  of  steel  (390x10^  Rayl?  )  indicates  that 
a  steel  iilate  can  practically  reflect  sound  energy  comnletelv. 
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Table  1.^  Si'ecific  Resistance  of  Several  Media 


Med  ia 

Sound  Velocity 
(m/s) 

Density 

(kg/m^) 

Air 

344 

1 ,2U 

Water 

1450 

louo 

Steel 

50OU 

7»00 

Glass 

490U-5a00 

2500-5y0d 

Alumitium 

5IOU 

1 

2700 

S^iecific  Resistance 
• ) 

(kfe/'m"-s)  (  payi 
^13 

1^5x10^ 

3yuxiu^ 

1 30-340x1 0^ 

130x10^ 


A  sound  wave  can  also  be  refracted  wbeii  it  encounters  an  interface 
witli  different  specific  acoustic  resistarice. 

In  tlie  refraction  of  sound  wave,  ti.e  pro  naga  tion  direction  clianges 
as  stiown  in  Fig.  1  . .  The  relation  betweeii  the  incident  angle  and 
tiie  refracted  angle  t»,,  is 

Sin  Oj/sln  ^  (1.15) 


When  a  temperature  gradient  exists,  and  c  vary  accord  ing  ly , 
leading  to  the  refraction  of  sound  waves.  Similarlv.  witli  a  wind 
gradient,  refraction  of  sound  waves  can  also  occur. 

When  sound  waves  encounter  obstac 1 es^ openings  or  holes  witu 
dimensions  much  smaller  than  the  wavelengtn,  diffraction  occurs,  as 
shown  in  Fig.  l.y.  Low  freijuenc\'  sound  waves  have  wavelengths  U'  to 
several  meters:  diffraction  occurs  easily. 
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Fig.  1.9  Diffraction  of  Sound  V'.'aves 
Sound  waves  can  also  superimpose  during  . ■  r o paga t io n . 

■fiiis  phenomenon  is  called  interference  Oi  sjund  waves. 

IVhen  two  sound  waves  with  the  same  frequency  arrive  at  a  point  in  phase, 
i.e.,  the\  cause  identical  disturbance  at  that  ,.oint,  ti.e  two  waves 
tuen  reinforce  each  otner.  The  resulting  amplitude  is  toe  sum  of  the 
two  individual  amjilitudes  (see  Fig.  1.10(a)):  if  the  two  waves  are  out 
of  those,  then  they  destroy  each  otlier  partially  or  com'tleteiv.  The 
resulting  amolitude  is  the  difference  of  the  two  individual  amplitudes 
(see  Fig.  1.10(b)). 


fig.  1.10  Interference  of  Sound  Waves 
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1.3*-  Attetiuatiun  of  Sound  Waves 


If  the  dimensions  of  a  sound  sjurce  are  much  smaller  tlian  the 
distance  between  the  point  ol  measurements  and  tnis  source,  the  source 
can  be  considered  as  a  point  source,  a  iioint  source  produces  a  spherical 
wave  with  its  sound  pressure  value  inversely  proportional  to  the 
distance  between  the  source  and  the  point  of  measurements  (see  L'l  . 

(1.7)  and  (l.b)).  As  expressed  in  decibels: 

Lp  =  -  20  log  r  -  k  (db),  (l.lo) 

where  K  is  a  correction  factor;  in  free  s,aee,  k  =  11;  in  a  semi- 
free  soace ,  k  =  s . 

The  dilference  in  sound  pressure  levels  at  distance  r^^  and  r,,  is 
Lp  -  L  =  20  log(r,„r  ).  (1.17) 

When  r.j  rj^  =  2,  the  level  decrease  is  u  db,  i.e.,  it  diminishes  bv  o  db 

when  t'lie  distance  doubles.  When  r,,,  rj^  -  10,  liie  level  decreases  by 

20  db;  wiien  r,,,  r^  =  100,  the  level  decreases  by  ^O  db. 

It  the  sound  source  is  a  line  source,  tlien 

L  -  L  =  10  log  (r,,  /  r  ).  (1.1b) 

^(r^)  ^(r2)  “  ^ 

In  this  case,  the  level  decreases  by  3  db  when  tlje  distance  doubles. 

This  phenomenon  is  referred  to  as  the  divergence  decrease  of 
sound  wave  due  to  distance. 

During  the  propagation  of  sound  waves,  tlie  absorotion  by  air 
(caused  by  tlie  viscosity  and  heat  transfer  01  air,  damping  effect  of 
tiie  air  molecules'  rotational  motion)  can  a  so  cause  the  sound  waves 
to  diminish.  As  indicated  in  Table  1.5,  the  magnitude  of  this  effect 
depends  on  tlie  frenuency  of  the  sound  wave,  the  air  temperature,  end 
the  humidity. 
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It  is  obvious  from  Table  1.5  that  the  attenuation  is  more  pronounced 
for  high  frequency  than  for  low  frequency  sound.  Therefore,  even  though 
airplanes  produce  strong  noise  in  high,  medium  and  low  frequencies,  we 
hear  only  low  frequency  noise  from  a  distance  because  of  the  effective 
diminishing  effect  of  the  high  frequency  noise  througli  the  air.  The  closer 
the  airplane  is  to  us,  the  more  the  contribution  to  the  noise  is  from  the 
high  frequency  components. 

In  a  conduit,  the  sound  wave  can  be  greatly  reduced  when  it  encounters 
sound  suppressors. 

^1.4  The  Effect  of  Noise  on  Human  Bodies 
and  Subjective  Evaluation  of  Noise 

1.4.1  The  Effect  of  Noise  on  Human  Bodies 

Noise  affects  health  adversely.  High  noise  level  (e.g.,  above  90 
decibel  (a))  conditions  can  produce  annoyance  and  discomfort.  Continuing 
exposure  to  these  conditions  leads  to  loss  of  hearing  sensitivity,  and 
sometimes,  to  deafness.  Medical  surveys  on  workers  in  different  industries 
showed  that  among  several  groups  (e.g.,  textile  workers,  riveters,  and 
generator  workers,  etc.)  hearing  loss  can  react)  50  -  oOfa,  or  even  bO-90‘o, 
if  tliere  are  no  control  measures. 

Sudden  exposure  to  very  intense  noises  (as  high  as  150  decibel) 
can  cause  severe  physical  injuries,  such  as  bleeding  and  rupture  of  the 
ear  drums,  bleeding  of  Scala  Media,  and  detachment  of  Helicotrema,  and 
leads  to  deafness,  nausea,  vertig-  speecti  incoherence,  concussion,  coma 
and  shock.  In  fact,  moderately  high  levels  of  noise  can  already  affect 
the  central  nervous  system  -  loss  of  equilibrium  between  excitation 
and  inhibition  of  cerebral  cortex  leads  to  abnormal  conditioned  reflexes, 
disturbance  of  normal  daily  activities,  irritation  and  annoyance,  and 


loss  of  concentration.  Also,  people  reach  a  fatigued  state  much  more 
readily  even  though  no  hard  physical  labor  is  performed.  Since  noise 
acts  on  the  cerebral  cortex,  industrial  workers  often  lose  concentration, 
and  reflexes  slow  down.  Under  those  conditions,  defective  products, 
bodily  injuries,  and  lowered  productivity  are  very  common. 

Noise  probably  also  affects  brain  vascular  tensions,  causing  dis¬ 
solution  of  neural  chromosomes,  deformed  nuclei,  twisting  of  dendrites, 
and  infiltration  of  axons.  If  these  physiological  changes  are  not  allowed 
to  recover  in  time,  sustained  excitation  of  axons  may  progress  to  the 
involuntary  nervous  system  resulting  in  pathological  conditions. 
Headache,  dizziness,  ringing  in  the  ears,  nightmares,  insomnia, 
fatigue,  and  lethargy  are  often  the  accompanying  clinical  symptoms. 
Health  workers  found  60-701  of  workers  in  the  high  noise  level  factory 
environment  have  nervous  system  related  diseases. 

The  gastrointestinal  system  can  also  be  affected:  abnormal  digestive 
juice  secretion,  decreased  gastric  acidity,  loss  of  stomach  wall  muscle 
contraction,  indigestion,  decrease  of  appetite,  ulcers,  and  other 
digestive  diseases. 

Noise  also  affects  endocrine  functions:  stimulation  of  adrenal 
glands,  anterior  pituitary  acidophil  increase,  excess  secretion  of 
pituitary  stimulating  hormones,  and  inhibition  of  sex  glands.  Female 
workers'  sex  gland  functions  cause  erratic  menstrual  irregularities, 
and  increased  abortion  risk  may  also  be  associated  with  noise. 

In  recent  years,  research  on  the  effects  of  noise  on  the  cardiovascular 
system  showed  that  it  stimulates  the  sympathetic  nervous  system;  increases 
heart  rate;  disturbs  cardiac  rhythm;  slows  down  ST-T  wave  of  EKG  and 
increases  blood  pressure.  Under  intense  noise,  the  rate  of  hypertension 
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is  increased  many  fuld  compared  to  no  noise  condition,  clearly  illustrating 
the  effect  of  noise  on  the  cardiovascular  systan.  Noises  also  affect  the  in¬ 
voluntary  nervous  system,  causing  vasoconstriction,  cardiac  output  decrease, 
diastolic  pressure  increase,  insufficient  perfusion  of  ventricles,  and 
heart  muscle  damage  .  The  consensus  among  the  medical  professionals  is 
that  noise  may  cause  coronary  diseases  and  arteriosclerosis. 

Noise  can  cause  blood  composition  changes  too,  increasing  white 
cell  counts,  lymphocyte  counts  and  blood  sugar  levels.  Therefore,  under 
long  term  exposure  to  noise,  the  general  level  of  health  is  decreased. 

Even  if  there  are  no  outright  occupational  diseases,  noise  can  lead  to 
other  associated  pathological  conditions. 

1.^.2  Subjective  Evaluations  of  Noises 

In  Section  1.2  it  has  been  mentioned  that  sound  pressure  and  sound 
pressure  level  are  used  as  physical  parameters  for  noise.  The  higher 
the  sound  pressure,  the  stronger  the  sound;  the  lower  the  sound  pressure, 
the  weaker  the  sound.  Uowever,  the  sensation  towards  sound  for  a  human 
being's  ears  depends  not  only  on  sound  pressure,  but  also  on  frequency. 
Generally  it  is  more  sensitive  to  higher  frequencies  than  to  lower 
frequencies.  The  hearing  sensation  is  different  if  frequency  is  ditterent, 
even  though  the  sound  pressure  remains  the  same.  Kor  example,  with  the 
same  90  decibel  in  noise  sound  pressure  level  for  both  K-J:50  air  compressor 
and  small  sedans,  the  former  appears  to  be  much  louder.  It  can  irritate 
so  much  that  one  can  hardly  stand  it,  while  the  latter  does  not  seem  to 
be  loud  at  all.  Therefore,  sound  pressure  level  (decibel)  can  only 
represent  the  strength  of  noise  ph>sics. 
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Based  on  tUis  characteristic  ,  we  introduce  a  concept  for  loudness 
similar  to  that  for  sound  pressure  level.  That  is,  by  taking  a  1000  Hz 
pure  sound  as  reference  sound,  any  sound  with  the  same  effect  on  hearing 
has  a  loudness  value  ( phor)  equal  to  the  sound  pressure  level  (decibel) 
of  ttiis  pure  sound.  If  the  noise  and  the  sound  pressure  level  are  100 
decibel,  and  the  loudness  is  the  same  as  that  of  a  reference  sound  with 
frequency  lOOO  Hz,  then  the  loudness  level  of  the  noise  is  100  ohon. 

The  loudness  level  represents  the  magnitude  of  the  loudness  of  a 
given  sound.  It  unifies  the  sound  pressure  level  and  the  frequency  into 
one  unit.  Not  only  Joes  it  take  into  account  the  physical  effect  of  a  sound 
it  also  considers  the  physiological  effect  of  the  sound  to  a  human  being’s 
hearing.  It  is  a  basic  quantity  in  a  subjective  evaluation  of  noise. 
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Fig  1.11  Fqu i-l oudness  Curves 
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Fig  1.11  Equl-loudness  curves 


a.  sound  pressure  level  (db,  2x10  ^  N/m"  as  reference) 

b.  frequency  (Hz) 

c.  Minimum  audible  sound  field  for  normal  ears 

d.  phon 

Using  the  method  based  on  comparisons  with  the  reference 
sound,  one  can  obtain  the  loudness  level  of  a  pure  tone  in  the 
entire  audible  range.  The  equi-ioudness  curves  in  Figure  1,11 
are  determined  from  many  experiments.  Each  curve  in  the  group 
corresponds  to  a  sound  of  certain  loudness  level  (phon).  Zero 
phon  corresponds  to  an  equi-loudness  curve  of  2x10  ^  x/ra"  at 
1000  Hz.  The  lowest  audible  field  is  k  phon. 


It  can  be  seen  from  the  equi-loudness  curves: 


1.  Human  ears  are  most  sensitive  to  sound  with  high  frequencies, 
particularly  between  3000-4000  Hz,  but  not  sensitive  to  low  frequencies, 
particularly  less  than  100  Hz.  For  the  same  loudness  level  of  50  phon, 
the  sound  pressure  level  is  50  db  for  a  sound  of  1000  Hz;  42  db  for 
3000-4000  Hz,  59  db  for  100  Hz,  and  75  db  for  40  Hz.  They  are  all  on 
the  same  50-phon  curve. 

2.  When  the  sound  pressure  level  and  frequency  are  low  for  a  certain 
sound,  the  sound  pressure  level  (db)  and  loudness  level  (db)  are  quite 
different.  For  example,  with  a  sound  pressure  level  of  50  db,  a  sound 
with  an  ultra-low  frequency  of  30  Hz  is  not  audible  (below  the  audible 
region  curve),  its  loudness  level  is  not  yet  zero  phon.  For  the  same 

50  db  sound  pressure  level,  the  loudness  level  is  25  phon  for  a  bO-Hz 
sound,  54  phon  for  a  500-Hz  sound,  and  jO  phon  for  a  1000-Hz  sound. 

3.  When  the  sound  pressure  level  reaches  beyond  100  db,  the  equi- 
loudness  curves  have  gradually  levelled  off.  This  indicates  that,  when 
the  loudness  of  sound  reaches  a  certain  level  (higner  than  100  db),  human 
ears  can  no  longer  distinguish  high  frequency  sounus  from  low  frequency 
ones.  The  loudness  of  a  sound  depends  only  on  its  sound  pressure  level, 
and  is  independent  of  its  frequency. 

The  equi-loudness  curves  in  Figure  1.11  are  introduced  by  Robinson 
and  Dadson.  They  have  been  approved  by  the  45rd  Technical  Committee  of 
tiie  International  Standards  organization  (ISO).  Therefore,  they  are  also 
called  ttie  ISO  equi-loudness  curves. 

Loudness  levels  are  relative  i^uantities.  Sometimes  they  need  to  be 
converted  into  natural  numbers,  i.e.,  to  be  expressed  in  absolute 
quantities.  This  leads  to  the  concept  of  loudness,  with  its  unit  the  sone. 
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Loudness  is  the  quantity  describing  the  strength  of  a  sound  as 
judged  by  the  hearing  sensation.  It  is  directly  proportional  to  a  normal 
person's  subjective  feeling  towards  sound.  One  sone  is  equal  to  40  phon. 
Every  10-phon  increase  in  loudness  level,  the  loudness  doubles.  For 
example,  50  phon  is  equivalent  to  2  sone,  oO  phon  to  4  sone,  etc.  This 
can  be  expressed  as 

,  ,  ,(L3-'.0)/10 

or  Lg  =  40  -t-  10  loggS, 

where  S — Loudness  (sone);  L —  loudness  level  (phon). 

O 

This  is  shown  graphically  in  Figure  1.12. 

It  is  relatively  direct  to  express  the  degree  of  noise  in  terms  of 
loudness,  which  can  be  used  to  calculate  directly  tlie  percentage  increase 
or  decrease  of  the  loudness.  For  example,  a  noise  tias  a  loudness  level 
of  120  phon,  and  loudness  of  2J0  sone.  After  being  treated  for  sound 
suppression,  the  loudness  level  drops  to  90  phon  and  loudness  to  3-'  sone. 
That  is,  the  total  loudness  decreases  by 

(250-32)/250  =  S7^c  . 

According  to  the  equi-loudness  curves,  sound  measurement  ei^uipment 
often  has  three  built-in  weighting  networks.  They  allow  diffcrv.\t  degrees 
in  wave  filtering  for  the  incident  sound.  Weighting  network-A  simulates 
the  loudness  of  a  pure  tone  of  40  phon  to  human  ears.  hheti  a  signal 
passes  through,  it  attenuates  significantly  the  low  and  medium  raniie 
frequencies  (less  than  1000  Hz).  Weighting  netw^rk-H  simulates  tne 
reaction  of  human  ears  to  pure  tones  of  70  phon.  It  attenuates  the  1 jw 
freijuenvy  band  of  a  signal.  Weighting  network-c  simulates  the  rt.'actun 
of  human  ears  to  pure  tones  of  100  phon.  It  has  j)racticallv  tlie  same 
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(1.19) 

(1.20) 


effect  on  tbe  whole  audible  sound  range.  Network-A  makes  a 
given  sound  measurement  device  sensitive  to  high  frequencies, 
but  not  to  low  frequencies.  This  is  similar  to  human  ears' 
sensation  towards  noises.  Therefore,  tbe  level  of  noise  as 
measured  by  network-A  is  closer  to  the  actual  feeling  of  human 

ears.  In  recent  years,  in  noise 


phon  sone 


Figure  1.12 


measurements  and  evaluations,  the 
sound  level  as  determined  by  the 
network-A  is  used  to  represent 
the  degree  of  noise,  called  the 
A-sound  level  and  expressed  in 
db(A)  or  dDA.  There  are  conversion 
relationships  between  the  A-sound 
level  and  many  other  noise  evalua¬ 
tion  quantities.  Therefore,  the 
evaluation  method  for  A-sound  levels 
becomes  more  and  more  important  in 
noise  evaluations. 

Table  l.o  lists  tbe  A-sound 
level  of  several  common  types  of 
sound . 

Noises  also  interfere  conversa¬ 
tions  (including  telephone  calls). 

In  situations  with  relatively  high 
degree  of  noise,  conversation 


becomes  strenuous,  and  one  can  even 


Relationship  between 
loudness  level  and 
loudness 
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hardly  hear  the  other  persoo.  However,  higher  sound  pressure 
level  or  loudness  level  does  not  necessarily  cause  more  inter¬ 
ference  to  conversations.  This  is  because  of  the  fact  that 
conversation  sound  is  mainly  confined  to  three  octave  bands 
with  center  frequencies  at  500  Hz,  1000  Hz  and  2000  Hz.  Noises 
below  200  Hz  or  above  7000  Hz,  even  though  with  somewhat  high 
sound  pressure  level  and  loudness  level,  do  not  induce  serious 
interference  to  conversations.  Consequently,  speaking-interference- 
level  (SIL)  is  defined  as  the  average  value  of  the  sound  pressure 
levels  of  the  three  octave  bands  —  500  Hz,  1000  Hz  and  2000  Hz. 

If  SIL  is  less  than  bO  db,  there  is  no  appreciable  effect  on 
normal  conversations  or  phone  calls.  Between  bO  and  75  db, 
conversations  and  phone  calls  become  somewhat  difficult.  Above 
75  db,  it  is  almost  impossible  to  make  phone  calls. 

In  recent  years,  for  airplane  noises,  another  new  subjective 
evaluation  parameter  is  introduced  —  perception  noise  level  and 
degree  of  noise.  The  unit  for  perception  noise  level  is  PNdb, 
equivalent  to  the  loudness  level.  The  unit  of  degree  of  noise 
is  riOYb  ,  equivalent  to  the  loudness.  They  are  different  from 
the  loudness  level  and  loudness  in  that  they  are  based  on  composite 
sound,  while  the  loudness  level  and  loudness  are  based  on  pure 
tone  or  frequency-band  sound. 

Figure  1.13  shows  equi-degree  of  noise  curves. 

I’igure  1.14  shows  the  relationship  curves  between  the 
degree  of  no ise(  YCYS ) and  the  perception  noise  level. 


Table  1.6  A-sound  levels  of  several  common  sound  sources 


(distance  between  sound  source  and  point  of 
measurement:  1-1.5  m) 


A-sound  level 

Sound  source 

(db  (A)  ) 

20-30 

whisper,  broadcast  room 

kO-bO 

common  indoor  noise 

bO-70 

common  conversation,  small  air  conditioner 

SO 

loud  discussion,  radio,  relatively  noisy 
street 

90 

heavy  loaded  car,  air  compressor  station. 
Pumping  station,  noisy  street 

100-110 

weaver,  electric  saw,  sander,  large  blower 

110-120 

jack  hammer,  ball  grinder,  diesel  generator 

120-130 

air  riveter,  propeller  airplane 

150-150 

high-pressure  large-volume  exhaust,  wind  tunnel 
jet  airplane,  ground-to-air  cannon 

above  loO 

rocket,  Airship,  missile 

Recently,  another  evaluation  method  for  airplane  noises 
has  been  introduced  internationally,  called  the  effective  per¬ 
ception  noise  level  EPNL.  It  is  developed  from  the  basis  of 
perception  noise  level.  Not  only  does  it  consider  the  frequency 
characteristics  of  noises,  it  also  considers  the  continuous 
time  span  of  the  noise  effect  as  well  as  the  individual  com¬ 
ponents  in  the  fret^uency  spectrum.  Furthermore,  for  calculations 
related  to  other  evaluation  methods,  e.g.,  the  aeronautic  noise 
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1.3  Noise  Measurements 


1.3.1  Noise  Measurement  Equipment 

Commonly  used  noise  measurement  equipment  includes  sound 
level  meters,  frequency  spectrometers,  automatic  recorders, 
magnetic  tape  recorders,  etc.  This  section  introduces  briefly 
the  characteristics  and  method  of  applications  of  this  equip¬ 
ment  . 

1.  Sound  level  meters:  Sound  level  meters  are  the  most 
common  and  simplest  noise  measurement  equipment.  Vith  small 
volume  and  light  weight,  they  can  easily  be  carried  around. 

Not  only  tliey  can  be  used  individually  for  sound  level  measure¬ 
ments,  they  can  also  be  used  along  with  matching  devices  or 
peripheral  equipment  for  spectroscopic  analysis,  vibration 
measurements,  etc.  Examples  include  the  Model  SJ-1  general 
sound  level  meters  manufactured  by  the  Peijing  Radio  Factory, 

No.  II;  the  Model  NDl  precision  sound  level  meters  manufactured 
by  the  Kiaug-Si  Red  ^Sound  Equipment  Factory;  and  the  Model  ddOo 
precision  sound  level  meters  manufactured  by  the  Denmark  B  v\  K  Co  . 
Their  appearances  are  shown  in  Figure  1.15. 

Sound  level  meters  are  composed  of  sound  transmitters, 
amplifiers,  sound  attenuators,  frequency  weigtiting  networks, 
and  effective  value  indicators. 

Figure  1.1b  is  a  block  diagram  for  the  sound  level  meters. 

The  working  principles  of  sound  level  met(;rs  are;  A  sound 
pressure  signal  passing  through  the  sound  transmitter  is  converted 
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inta  an  electrical  voltage  signal,  which  is  fed  into  the  amplifier 
to  become  an  electrical  signal  with  a  certain  power  rating.  By 
further  passing  througli  a  weighting  network  with  a  certain 
frequency  response,  followed  by  wave  rectifying,  the  signal  will 
move  the  indicator  in  terms  of  a  decibel  scale. 

Sound  transmitters  are  also  called  microphones.  They  are 
acoustic-electrical  converters.  According  to  the  conversion 
principles  and  structures,  they  can  be  categorized  into  tnree 
types;  electromotive  sound  transmitters,  piezoelectric  electrical 
microphones,  and  condenser  microphones. 

Electromotive  microphones  are  also  called  moving-coil 
microphones.  They  are  based  on  the  electrical  voltage  output 
induced  by  the  motion  of  a  conductor  in  a  magnetic  field.  They 
are  relatively  large  in  size,  low  in  sensitivity,  susceptible 
to  electromagnetic  field  interference,  non-linear  in  frequency 
response,  and  greatly  attenuated  at  low  frequency  ranges.  However, 
they  have  low  background  noise  and  can  work  at  high  temperatures. 


(a)  Model  SJ-1  general  (b)  Model  N"D  1  Precision  (c)  Model  2203 
sound  level  meter —  sound  level  meter —  Precision  sound 

Peijing  Kiang-Si  level  meter — 

Denmark 

figure  1.15  Appearances  of  sound  level  meters 


a.  icrof.hcne  .  arrlil'ier  c.  s  tter.L.-a  to  r  r^'Z--or 

e,  '..ave  ar.al'  Zer  ir.<'-icator 


Figure  l.lb  Block  diagram  of  a  sound  level  meter 

Piezoelectric  microphones  are  also  called  crystal  microphone 
They  are  energy  converters  based  on  the  electrical  voltage  output 
induced  by  the  strain  of  crystals  with  piezoelectric  characteris¬ 
tics  (e.g.,  Rochelle  salt,  ammonium  dihydrogen  phosphate,  etc.). 
Microphones  of  this  type  are  simple  in  structure,  low  in  price, 
flat  in  frequency  response,  but  more  sensitive  to  temperatures. 

Electromotive  microphones  and  piezoelectric  microphones 
are  often  used  in  general  sound  level  meters. 

Condenser  microphones  are  composed  of  two  electrode  plates, 
which  yield  an  electrical  capacitance,  in  terras  of  one  vibrating 
diaphragm  and  another  back  electrode.  A  D.C.  electrical  voltage 
(charging  voltage)  is  applied  between  the  diaphragm  and  tlie  back 
electrode,  thus  forming  a  constant  charging  condition.  When  the 
diaphragm  vibrates  under  a  sound  pressure  effect,  the  change  in 
capacitance  between  the  electrodes  produces  an  electrical  voltage 
corresponding  to  the  sound  pressure.  Microphones  of  this  type 
are  high  in  sensitivity,  with  a  flat  frequency  response  to  a 
very  broad  range  of  frequencies.  Their  output  characteristics 
are  stable,  with  practically  no  change  between  the  temperature 
range  of  and  +150°C  and  the  relative  humidity  range  between 

0  and  lOO^o.  Therefore,  they  are  suitable  for  precision  measure¬ 
ments.  Precision  sound  level  meters  do  use  condenser  microphones 
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However,  the  materials  and  processing  requirements  of  such 
microphones  are  very  strict,  and  the  manufacturing  costs  are 
high.  Furthermore,  they  require  highly  stable  D.C.  voltages 
and  amplifiers  in  their  applications. 

The  characteristics  of  condenser  microphones  are  closely 
related  to  their  volumes.  The  smaller  the  volume,  the  broader 
is  the  frequency  response  range,  the  smaller  the  effect  from 
the  noise  propagation  directions,  the  ability  in  sustaining 
higher  sound  intensities,  but  the  lower  the  sensitivity.  Table 
1.7  is  a  partial  list  of  specifications  and  characteristics 
of  the  CH-series  condenser  microphones  manufactured  by  the 
Peijing  Radio  Equipment  Factory,  No . 1 . 

The  electronic  amplifier  in  condenser  microphones  needs 
to  have  a  high  gain.  The  amplification  characteristics  are 
flat  in  ttie  audible  frequency  range  (20-k;0,000  Hz).  It  should 
have  low  background  noise  and  high  stability.  The  attenuator 
requires  an  attenuation  of  10  db  in  each  step. 

There  are  three  common  frequency  weighting  networks,  designed 
by  following  the  human  ear's  response  to  sound  (see  section  1.^.2). 
Some  sound  level  meters  include  an  additional  weighting  network- 
D,  which  simulates  the  frequency  characteristics  of  a  noise  level 
curve  with  40  JJa.  to  evaluate  the  airplane  noises.  The  frequency 
characteristics  of  weighting  networks-A,  -B ,  -C ,  and  -D  are 
shown  in  Fig.  1.17. 
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Table  1.7  Specifications  and  characteristics  of  the 
CH-series  condenser  microphones 


Figure  1.17 


frequency  (Hz) 

Frequency  characteristics  of  weighting 
networks  -a,  -B,  -C ,  and  -D 


In  noise  measurements,  Network-A  is  usually  specified  for 
the  sound  with  more  than  55  db,  called  the  A-sound  level  as 
expressed  by  dBA;  network  B  for  the  medium  intensity  sound  with 
55-S5  db,  called  the  B-sound  level  as  expressed  by  dBB;  and 
network  C  for  the  stronger  noise  with  more  than  S5  db,  called 
the  C-sound  level  as  expressed  by  dBC.  However,  as  stated  in 
Section  l.'^.B,  network-A  is  always  used  in  recent  years  in  the 
noise  measurements  and  evaluations,  whether  the  sound  is  strong 
or  weak.  This  is  because  of  the  fact  ttiat  A-sound  level  is 
closer  to  human  ears'  perception  characteristics  to  noises.  For 


some  sound  level  meters,  such  as  the  Model  ^2U7  sound  level  meters 


from  Denmark,  there  is  only  the  network-A,  without  other  networks. 

In  noise  measurements,  one  has  to  only  read  out  the  values 
on  the  A-,  B-,  and  C-scales  of  a  sound  level  meter  in  order  to 
roughly  estimate  the  frequency  characteristics  of  a  noise,  with¬ 
out  using  a  frequency  analyzer.  As  shown  in  Figure  l.lo,  if  the 
readings  are  the  same  on  the  a-,  B-,  and  c-scales,  then  the  noise 
sound  energy  is  mainly  concentrated  at  the  liigh  frequency  bands. 
Therefore,  the  noise  shows  high  frequency  characteristics.  If 
tlie  A-scale  reading  is  higher  then  the  C-scale  reading  by  l-i:  db, 
then  the  noise  has  a  peak  value  between  2000  and  5OOO  Hz.  If  the 
C-soale  reading  is  equal  to  the  B-scale  reading  and  is  greater 
than  the  A-scale  reading,  then  the  noise  has  a  medium  frequency 
characteristics.  If  ttje  C-scale  reading  is  greater  than  tiie 
B-scale  reading,  which  is  greater  than  the  A-scale  reading,  then 
tlie  noise  has  a  low  frequeticy  characteristics. 

Currently,  there  are  two  kinds  of  sound  level  meters:  ttie 
general  and  the  precision  meters.  Inte rna t io na 1  Llectricul 
Engineering  Council  (lEC)  has  standard  spec  i  f  ica  t  i  j  ns  for  tliese 
two  kinds  of  meters:  The  general  sound  level  meters  tiave  a  fre¬ 
quency  range  of  20-8000  Hz,  while  the  precision  meters  have  a 
frequency  range  of  20-12500  Hz. 

Most  sound  level  meters  can  not  be  used  to  measure  impulse 
sound.  Impulse  sound  level  meters  have  to  be  used,  e.g.,  the 
Denmark-manufactured  Model  220^  and  2209  sound  level  meters, 
sound  level  meters  of  this  tvpe  have  already  taken  into  account 
the  perception  characteristics  of  human  ears  towards  impulse 
sound.  They  also  have  D-networks,  and  can  be  used  for  airplane 
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noise  measurements. 


S‘)und  level  meters'  indicator  readings  are  effective  values. 
There  are  fast  and  slow  damping  for  the  indicators.  For  measur¬ 
ing  noises  with  small  fluctuations,  fast-scale  should  be  used. 

When  ttie  f as t -sea  1  e-measured  noises  have  fluctuations  more  tlian 
4  db,  slow  scale  should  chen  be  used. 

Sound  level  meters  are  generally  powered  by  batteries.  It 
is  necessary  to  check  the  voltages  before  use,  to  check  wliether 
it  satisfies  the  normal  working  requirements  of  the  sound  level 
meters. 

Sound  level  meters  also  require  regular  calibrations.  For 
the  sound  level  meters  by  the  Denmark  B  K  Co.,  Model  Noise 

Generators  from  the  same  Co.  can  be  used  for  calibration.  They 
produce  constant  noise  level  at  lOh  db.  Model  piston  t\ pe 

generators  produce  constant  sound  pressure  level  at  I2k  db.  For 
the  sound  level  meiers  manufactured  by  the  Kiang-Si  Red  Sound 
equipment  Factory,  Model  Nxtj  piston  type  sound  genera*  'rs,  whicli 
produce  sound  with  lll'^-O.C  db,  can  be  used.  For  those  sound 
level  meters  without  standard  noise  sources,  calibrations  can  be 
made  roughly  in  a  weaving  room  of  a  fabric  factory.  This  is 
because  a  typical  weaving  room  has  a  constant  noise  of  104-i  db. 

J .  Frequency  analyzers;  Frequency  analyzers  are  equipment 
for  analyzing  the  fretjuency  spectrum  of  noises.  I’liev  ore  composeil 
mainly  of  amplifiers  and  wave  filters.  If  a  noise  passes  through 
an  octave  band  filter,  one  can  obtain  an  octave  band  frequenev 
sjiectrum  of  the  noise.  If  a  noise  pases  through  a  third-octave 
hand  filter,  one  can  obtain  a  third-octave  band  frequenev  sjte(^tr\im 
of  the  noise.  If  it  passes  througli  a  narrow  bandwidth  filler, 


one  can  then  obtain  a  narrow  bandwidth  t’rev(uencv  spectnom  nf  tiic  nciso. 


r . 


In  the  measurement  of  aerodynamic  machinery  and  sound 
suppressors,  octave  band  and  third-octave  band  frequency 
analyzers  are  generally  used.  The  central  frequencies  and  the 
corresponding  frequency  ranges  for  octave  band  analyzers  are 
shown  in  Table  1.3.  The  central  frequencies  and  the  corresponding 
frequency  ranges  for  third-octave  band  analyzers  are  shown  in 
Table  1.6. 


Table  1.8  Central  frequencies  and  corresponding 
frequency  ranges  for  third-octave  band 
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Using  the  Chinese  Model  8J-1  general  sound  level  meters, 
Model  TLB-1  third-octave  fre(iuency  wave  filters,  and  octave 
band  wave  filters  together,  one  can  make  octave  or  third-octave 
band  frequency  spectral  analysis.  It  can  also  be  done  with 
the  Denmark  Model  i:i:03  precision  sound  level  meters  with  Model 
lnl3  octave  band  wave  filters,  or  Model  lolo  third-octave  and 


octave  band  wave  filters. 
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Loudspeakers  or  sound  level  meters  and  wave  filters  can 
also  be  combined  to  make  a  device  called  frequency  spectrometer 
(e.g.,  Denmark  Model  2112,  2114  spectrometer).  It  can  not  only 
measure  the  sound  level,  it  can  also  analyze  the  frequency  spectrum. 
Model  ND  2  octave  band  sound  level  meters,  which  are  new  products 
from  the  Kiang-Si  Red  Sound  Equipment  Factory,  are  indeed  the 
portable  frequency  spectrometers. 

Octave  band  analysis  is  often  used  in  evaluating  allowable 
noise  standards  as  well  as  the  noise  control  standard.  It  can 
also  give  a  general  noise  indication  for  given  equipment.  For 
aerodynamic  equipments,  octave  band  is  enough.  If  detailed  analysis 
is  required,  third-octave  band  can  be  used.  For  tuned  noise 
and  noise  with  pure  sound  peaks,  or  for  tests  on  sound  absorb¬ 
ing  materials  and  basic  tests  on  sound  suppressors,  more  detailed 
analysis  is  required  to  determine  the  width  of  resonance  peaks, 
one  can  then  use  narrow  band  continuous  analyzers  based  on 
constant  hundredth-octave  bandwidth.  For  instance,  with  a 
Denmark  Model  2107  frequency  analyzer,  the  bandwidth  can  be 
adjusted  between  b  and  29fo  of  any  central  frequency.  Extra- 
plated  continuous  analyzers  have  even  higher  frequency  selectivity. 
Their  bandwidths  do  not  depend  on  the  central  frequencies,  but 
are  5,  20,  ^0 ,  and  200  Hz.  They  are  called  constant  bandwidth 
analyzers  (such  as  the  Denmark  Model  2014  analyzers). 

Noise  measurements  with  analyzers  require  a  certain  time, 
one  needs  8  measurements  for  an  octave-band  analysis,  and  24 
measurements  for  a  tlj ird-oc tave  analysis.  To  measure  the 
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frequency  spectrum  of  a  time-dependent  noise,  such  as  from  a 
passing-through  automobile  or  a  suddenl y-a pproac h i ng  airplane, 
measurements  become  obviously  impossible.  Instantaneous  fre¬ 
quency  analysers  are  then  needed.  With  the  Denmark  model  55^7 
real-time  analysers  or  the  Japanese  model  SA-10  real-time  analyzers, 
one  can  simultaneously  (in  fractions  of  a  second)  observe  tlie 
third-octave  band  frequency  spectra  on  a  TV  screen. 

3.  Automatic  and  magnetic-tape  recorders;  Automatic  recorders 
are  equipment  which  automatically  recoid  sound  levels.  Along 
witii  frequency  spectrometers,  tliey  can  quickly  and  accurately 
measure,  analyse,  and  record  the  noise  levels  and  the  frequency 
spectra.  They  can  also  automatically  record  the  time  dependence 
of  noises.  This  brings  great  convenieiice  to  noise  measurements. 

The  Chinese  model  SJ-1  general  sound  level  meters,  model 
TLD-1  band  pass  filters,  and  model  N'J  1  recorder  in  a  matclied 
set;  or  the  Chinese  model  NP-1  fretjuency  atialyzer  and  model  ',,11 
recorder  in  a  matched  unit  can  both  serve  the  purpose  to  automa¬ 
tically  measure  and  record  the  noise  levels  and  lre(|uene\  spectra. 
The  Denmark  model  C3C3  recorder  and  model  J 1  1  or  J 1  1 'i  rrei(tjetic\’ 
spectrometer  can  also  form  a  unit  to  automatically  analyte  and 
record  the  spectra  of  octave  band  and  th  i  rd -o<;  tn  ve  hand. 

Automatic  recorders  can  also  he  used  1)  meoisure  the  timi'  ,i 
sound  mixing. 

Magnetic  tape  recorders  are  also  called  rc'corders.  ihe\ 
can  be  used  to  record  noises  .,uickly.  This  is  pa  r  i  i  e  u  1  a  r  I  s 
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meaningful  for  field  measurements.  The  recorded  noises  can 
be  later  carefully  analyzed  for  their  frequency  characteristics. 
With  oscilloscopes  one  can  also  observe  the  travelling  wave 
shapes  of  any  impulse  noises  and  discrete  noises  recorded  on 
the  magnetic  tapes. 

Magnetic  tape  recorders  should  have  good  frequency  responses, 
broad  dynamic  ranges,  low  background  noises,  and  long-time 
stability  to  avoid  loss  of  fidelity. 

In  recent  years,  integral  sound  level  meters  also  become 
available.  They  are  also  called  noise  dosage  meters.  They  can 
integrate  the  sound  levels  as  a  function  of  time,  and  bring  great 
convenience  to  noise  measurements. 

1 .  ; .  J  Noise  measurement  methods  and  calculations 

For  tvpical  noise  measurement,  A-sound  levels  and  octave- 
hand  noise  spectra  are  mainly  measured.  Sometimes,  in  order  to 
analyze  the  noise  characteristics,  spectra  of  third-octave  hand 
jr  even  narrow  noise  frequency  band  have  to  he  determined.  I'or 
aerjiiauLic  noises,  the  measurements  .ire  mainlv  on  perce[-tion 
sound  levels,  which  are  actually  the  l)-sound  levels.  Fur  machinery 
evaluations,  one  also  has  to  measure  the  sound  power  and  tiie 
direetiinal  characteristics  of  tiie  noise  source. 

1.  .simple  field  measurements;  In  industrial  and  minitiE 
lic.itions.  there  are  many  noise  sources,  .uni  tin  si/e  ol  in- 
diiidual  rooms  have  also  limited  si/es.  In  rioist  measurements, 
micr  (phones  stiould  he  set  as  (lose  to  ttie  radiant  surtai  ol 
ma(  iiineries  as  possible.  This  wav,  the  direct  sound  field  jI 
a  liiven  noise  sourc’e  is  larce  etioiiiih,  such  lhal  i  n  t  (•  r  f  (‘ r  erut- s 
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due  to  other  noise  sources  or  reflections  are  relatively  small. 
However,  the  distance  can  not  be  too  close,  otherwise  the  sound 
field  will  not  be  stable. 

Generally  speaking,  for  aerodynamic  maciiinery  situated 
on  ground  in  factories,  such  as  air  compressors,  blowers,  steam 
turbines,  etc.  with  dimensions  around  1  m,  microjjhones  can  be 
arranged  at  1  m  away  and  1.3  m  high  to  evaluate  the  radiant 
noise  of  the  equipment.  If  the  equipment  is  very  small,  such 
as  small  blowers,  with  dimensions  less  tlian  30  cm,  microphones 
can  be  set  at  jO  cm  from  the  equipment.  For  medium  size 
machinery  with  dimensions  around  0.5  tn,  the  point  of  measure¬ 
ment  can  be  (J .  5  m  from  the  surface.  For  extremely  large  mactiin- 
ery  or  dangerous  equipment  (e.g.,  airplanes,  rockets,  cannons), 
one  can  clioose  a  position  at  3-10  m  or  even  further  away  (e.g., 

30m ,  1 OOm ,  etc). 

If  the  e((uipment  has  non-horaogeneo ns  radiant  noise  in 
different  directions,  measurements  should  first  be  made  at 
different  positions  surrounding  ttie  equi])ment.  1  m  from  them 
and  1.3  ra  above  ground.  The  main  noise  evaluation  reference 
is  then  based  on  data  taken  at  a  jioint  wtiere  the  A-sound  level 
is  maximum.  other  reference  ilata  include  th<‘  A-sound  levels 
at  several  other  points  and  the  frequency  spectra.  utherwisc, 
one  can  determine  the  distributions  of  the  noise  in  difierent 
directions,  thus  determining  the  directional  characteristics  of 
the  e(iu  i  [iraen  t  '  s  noise. 
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Aerodynamic  equipment's  intake  and  extiaust  gas  noises  often 
override  those  radiated  from  the  structures.  To  well  design 
appropriate  sound  suppressors,  one  has  to  carefully  measure  the 
intake  and  exhaust  gas  noises  in  terms  of  their  sound  levels 
(A-sound  levels  and  overall  sound  pressure  levels)  and  corres¬ 
ponding  frequency  spectra  (octave  bandwidths,  tnird-octave 
bandwidths,  narrow  bandwidths). 

For  intake  gas  noises,  the  point  of  measurement  can  be 
chosen  at  1  m  from  the  gas  inlet,  along  the  axial  direction. 

In  order  to  understand  the  radiation  behaviors,  measurements 
can  also  be  made  at  0.5-10  m  or  even  furtiier  away  from  the  gas 
inlet,  along  the  axial  direction. 

For  exhaust  gas  noises,  particularly  those  of  high  speed, 
high  temperature,  and  gases  containing  water  and  oil,  microphones 
should  be  set  at  a  horizontal  distance  of  O.ii-1  m  from  the  outlet, 
or  at  0.5-1  ra  from  the  outlet  in  the  ^15*^  direction  with  respect 
to  the  exhaust  pipe.  Measurements  at  large  distances  can  also 
be  made  to  understand  the  radiating  conditions. 

The  above-mentioned  are  metnods  for  field  measurements  of 
radiating  noises  from  machinery.  If  it  is  necessary  to  under¬ 
stand  the  noise  effect  on  health,  the  points  of  measurements 
can  then  be  chosen  to  be  those  of  workers’  ears  (people  should 
be  awav  at  this  time);  or  where  workers  often  work  (e.g.,  work 
benches,  next  to  machinerv,  aisles).  The  tieight  of  measuring 
jiositions  is  tliat  of  the  ears. 


To  know  tlie  environmental  pollution  due  to  certain  macliinery, 


tlie  points  of  measurement  can  be  chosen  at  those  places  of 
interest,  or  at  positions  10,  50,  100,  200,  500,  1000  m  or  even 
further  away  from  the  noise  source. 

For  street  automobiles  and  tractors,  the  points  of  noise 
measurement  are  often  selected  at  7-3  ®  away  from  the  vehicles' 
body,  and  1.2  m  above  ground. 

In  every  measurement,  the  point  of  measurement  should  be 
identified,  along  with  tlie  model  numbers  of  the  measuring  devices 
and  the  working  conditions  of  the  equipment  being  measured. 

To  have  accurate  measurements,  one  has  to  pay  attention  to 
the  following  concerns;  To  avoid  the  interference  due  to  back¬ 
ground  noises.  The  so-called  background  noises  are  noises  from 
the  environment  when  the  noise  source  being  studied  ceases  to 
function.  If  the  ambient  noises  are  stronger  than  the  one  being 
studied,  no  meaningful  measurements  can  be  made.  In  general, 
the  A-sound  levels  of  a  noise  source  and  the  sound  pressure 
levels  at  all  frequency  bands  to  be  measured  should  be  higher 
by  10  db  than  the  corresponding  ambient  sound  levels,  the  inter¬ 
ference  due  to  background  noises  can  then  be  avoided.  If  tlie 
differences  are  less  than  10  db.  Table  1.9  is  needed  for  correc¬ 
tions. 

Table  1.9  Correction  factors  for  background 
no ises 
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difference  between  measured  noise  and  background  noise 
noise  level  to  be  subtracted  from  the  measured  noise 


For  example,  if  the  measured  noise  for  a  blower  is  95  db(A) 
and  the  background  noise  is  90  db(A) ,  the  noise  of  the  blower 
after  correction  should  be  95  db  -  2  db  =  93  db{A). 

In  field  noise  measurements,  apart  from  the  correction  for 
background  noises,  one  should  also  be  aware  of  the  sound  field 
characteristics  of  the  noise  source.  For  instance.  Figure  1.1s 
shows  the  sound  field  distribution  of  a  noise  source  in  a  garage, 
tlie  noise  level  at  a  given  point  inside  the  garage  is  a  function 
of  the  distance  from  the  sound  source.  \ve  should  try  to  clioose 
a  point  of  measurement  in  far-away  free  field  areas.  Such  areas 
can  be  roughly  found,  based  on  the  principle  that  noise  level 
in  a  free  field  decreases  by  b  db  when  the  distance  doubles. 


Key  : 


a.  sound  pressure  level 

b .  free  field 

c.  mi. Xing  sound  field 

d.  near  field 

e.  far-away  field 


Figure  l.lb  Sound  field  distribution  of  a 
noise  source 

In  noise  measurements,  the  effect  due  to  reflections  s\rould 
also  be  avoided.  Otherwise,  tiie  measured  noise  is  stronger  than 
tlie  actual  noise.  To  avoid  reflected  sound,  microphones  should 
be  set  far  awav  from  reflection  surfaces  (such  as  walls, 


other  equipment,  etc):  in  general  the  distance  should  be  above 
d-5  m.  ^6 


Beyond  ttie  background  noise  and  reflection  effect,  different 
effects  can  also  be  caused  by  wind,  electromagnetic  fields,  vibra¬ 
tions,  humidity,  etc.  Quite  large  errors  can  be  particularly 
induced  by  wind.  Therefore,  air  streams  should  be  avoided.  If 
they  can  not  be  avoided  completely,  microphones  can  be  modified 
with  covers  or  nose-cones. 

2.  ISO  near-field  measurement  methods 

For  reference,  specifications  for  near-field  sound  level 
measurements  proposed  by  the  International  Standards  organization 
are  listed. 

To  avoid  the  background  noises  and  reflected  sound  effect, 
near-field  measurements  are  used,  whicti  measure  the  noise  levels 
near  and  surrounding  the  equipment  of  interest.  In  this  method, 
a  surface  surrounding  the  equipment  (called  the  defined  surface), 
wiiich  has  similar  sliape  as  that  of  the  equipment’s  surface,  is 
selected.  The  surface  should  be  as  simple  as  possible  and  allow 
simple  calculations.  Its  distance  from  the  eijuipment  is  determined 
by  r.lie  actual  situations,  but  should  be  as  close  as  possible. 

The  average  values  of  measured  sound  levels  at  several  points 
on  Mie  defined  surface  are  converted  to  a  noise  level  for  a  referetice 


radius.  If  tlie  defined  surface  has  an  area  of  S  (m"),  the  average 


surface  noise  level  is  b^^(db),  the  average  sound  level  on 

a  semi-spherical  surface  with  a  radius  d  (m)  is 

I.._  =  -  20  log  (d/'r),  (1  .21) 


pr 


where  r 


—  effective  serai-spherical  radius  of  tne  defined 

U7 


surface. 


Using  tills  method,  the  average  error  is  0.7  db  if  the 
scattering  of  readings  is  less  than  5  db.  The  average  error 
is  less  than  2.5  db  if  the  scattering  is  vithin  10  db.  Above 
10  db,  this  meth'  d  is  not  useful  anymore. 

For  all  machinery  included  in  a  given  specification, 
the  reference  radius  is  the  same.  Selection  should  be  made 
among  1,  3,  and  10  m. 

For  instance,  in  near-field  noise  level  measurements  on  12V 
four-stroke  diesel  engines  (x  =  1200  hp,  n  =  IpOO  rpm)  in  a 
given  diesel  engine  testing  station,  the  points  of  measurement 
can  be  chosen  from  a  rectangular  surface  comprised  of  side/^ 
vertical  faces  and  top  face  (excluding  bottom  face)  1  m  away  from 
the  generator.  A-sound  level  measurements  are  to  be  made  at  a 
total  of  29  points  on  this  surface  (s  points  each  at  the  plane 
of  the  crank,  cylinder,  and  compressor,  3  points  along  the 
horizontal  axis  of  the  diesel  engine-,  see  Figure  1.19  for  the 
plane  view).  The  average  value  of  these  A-sound  levels  (db(A)) 
is  calculated,  and  then  converted  according  to  Equation  (1.21) 
to  the  CO rrespond ing  A-sound  level  for  a  reference  radius  d  =  3  m 
of  a  semi-spherical  surface. 


Figure  1.19  Selected  f'->itits  for  near-field  noise 

measu  -bs  (plane  view)  for  a  diesel 
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engine 


3.  Method  for  measurements  of  sound  power  levels  of 
machinery:  To  more  objectively  express  the  noise  charac¬ 

teristics  of  machinery,  the  noise  power  levels  and  their 
directionalities  are  often  needed.  This  is  because,  under  a 
given  working  condition,  the  sound  power  level  is  constant, 
not  like  the  sound  pressure  level  wtiich  varies  with  distance. 
Meanwhile,  due  to  a  particular  functional  relationship  between 
the  sound  power  level  and  the  sound  pressure  level  of  a  given 
noise  source,  the  latter  at  different  environments  and  at 
different  points  of  measurement  can  he  estimated  if  the  sound 
power  level  is  known.  Therefore,  in  noise  control,  sound  power 
level  is  an  important  physical  fiuantity. 

However,  both  sound  power  level  and  sound  power  can  not 
be  directly  measured.  They  are  calculated  under  special  con¬ 
ditions  from  the  measured  sound  pressure  levels.  There  are 
generally  four  mettiods  for  determining  and  calculating  sounu 
power  levels  and  sound  power:  free-field  method,  exiiansion- 
field  method,  semi-expansion-field  method,  and  near-field 
me  tliod  . 

Free-field  method:  In  a  free  field, 

+  10  log  S  (db), 

where  L  —  sound  power  level:  L  —  average  sound  pressure 

W  p  Cl 

level:  S  —  surface  area  of  the  testing  sphere  (or  serai-sphere). 

Lp  is  ttie  measured  sound  pressure  level  at  the  spliericai 
surface  (or  semi-spherical  surface)  with  its  center  at  the 
raacuine  and  a  radius  of  r.  The  value  of  r  should  he  chosen  to 
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be  large  enough  such  that  the  sound  pressure  and  the  particle 
velocity  are  in  phase  at  the  point  of  measurement.  Under  normal 
conditions,  r  is  twice  the  dimensions  of  the  macliine. 

If  the  machine  is  located  inside  a  sound  suppression  room 
or  other  more  ideal  free-fields,  the  sound  source  radiates  a 
spherical  wave,  then  Equation  (1.22)  changes  to 

i-r  “  +  I01og4»r' “•  L, -f- 201ogr  ir  (^^)» 

where  —  average  sound  pressure  level  as  determined  from  several 
points  on  a  spherical  surface  with  a  radius  r. 

If  the  machine  is  set  on  hard  outdoor  ground  with  no  reflec¬ 
tion  from  surroundings,  or  the  dimensions  of  the  sound  source 
are  much  smaller  than  those  of  the  room,  where  no  reflection 
occurs,  the  sound  source  radiates  seml-spherically .  Equation 
(1.22)  then  changes  to 

E,  -  E,  +  lOlog  (2»f0  -  L,  +  201ogr  +  8  (db),  (1.24) 


where  Lp  —  the  average  sound  pressure  level  as  determined  from 
several  points  on  a  semi-spherical  surface  with  a  radius  r. 

In  directionality  measurements,  for  a  spherical  radiation, 


then 


DI  =  L  -  (db) , 

p  ps  \  ’ 


(1.2j) 


where  DI  —  directional  characteristics  in  the  direction  of 


measurement;  Lp  —  sound  pressure  level  at  a  distance  r  from 

the  center  along  the  direction  of  measurement;  L  —  average 

ps 

sound  pressure  level  on  the  testing  spherical  surface  with  a 
radius  r. 
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If  the  machine  is  set  on  ground,  radiating  serai-spherically, 


then,  DI  =  Lp  -  +  3  (dbj  (1,2b} 

where  Lp^^^  is  the  average  sound  pressure  level  as  determined  from  the 
semisphere  with  radius  r. 

Expansion-field  method:  In  an  expansion-field  (e.g.,  sound¬ 
mixing  room,  or  rooms  with  very  long  sound-mixing  time), 

L  =  -t  10  log  R  -  t>  (db),  (1.27) 

w  p 

Sa 

where  R  =  z - r  —  room  constant;  s  —  total  surface  area 

of  room,  ra‘' ;  a —  average  sound  absorbing  coefficient  for  the 

interior  surface  of  room.  ur, 

L  =  L  +10  log  V  -  10  log  T  -  14  (db),  (1-26) 

w  p 

where  T  —  sound-mixing  time;  V  —  room  volume,  m^. 

The  expansion-field  method  does  not  yield  directional  c'narac  teris- 
tics.  Furthermore,  its  accuracy  is  related  to  the  flatness  of 
the  noise  source's  frequency  characteristics.  It  is  not  appro¬ 
priate  for  machinery  with  peak  frequency  components. 

iiemi-expansion-f ield  method;  A  semi-expansion-field,  wtiere 
tlie  room  does  not  absorb  completely  or  reflect  completely,  is 
between  a  free-field  and  a  sound-mixing  field.  (This  is  often 
encountered  in  field  measurements.)  The  following  equation  can  be 
used  for  measurements  and  calculations: 

f..-£,-loiog(^  +  ±j  (db),  (1.29) 

Calculations  of  this  kind  are  tedious  and  not  very  accurate. 

Recently,  sound  power  levels  are  also  determined  by  the  standard 
sound  source  method. 

The  so-called  standard  sound  source  is  a  special  sound  source 
wiiich  radiates  enough  homogeneous  sound  power  spectra  over  given 


frequeticy  batids.  Such  standard  sound  sources  have  their  sound 


power  levels  first  determined  in  laboratories,  before  they 

are  used  in  field  measurements.  The  average  sound  pressure 
level  is  measured  from  the  semi -sphe rica 1  surface  with  a 
radius  r(m)  and  the  noise  source  as  the  center.  After  turning 


off  the  noise  source,  average  sound  pressure  level  is  de¬ 

termined  at  the  same  position  witti  the  noise  source  replaced  by 


the  standard  sound  source.  Therefore,  the  sound  power  level 


for  the  noise  source  being  investigated  is 


L  =  L  +  L  -  L 
w  ws  p  ps 


(1.30) 


It  is  easier  and  more  accurate  to  measure  sound  power 
levels  using  tlie  standard  sound  source  method. 

The  semi-spherical  expansion-field  mettiod  can  or.,ly  provide 
limited  information  on  the  directionality  of  ttie  sound  radiation, 
Near-fielfl  mettiod.  If  because  of  tlie  sliapes  and  installa¬ 


tion  conditions  of  a  noise  source  whicli  make  ttie  a  bo  ve-raen  L  io  tied 


raetliods  impractical,  soum)  jiower  levels  of  tlie  sound  source 

can  tlic*n  be  de  terrairied  tiy  ttie  ncar-field  mettiod.  by  using 

Louation  (l.Jl)  to  find  L  and  subst  i  tu  ti  tin  it  into  bnuation 

p  r 

(  1 . 0 )  ,  the  sound  power  level  of  a  given  mactiine  can  be  obtained. 

In  recent  years,  due  to  the  popularit\-  of  A-sound  level, 
anotiier  term  A-power  level  is  I  n  t  roduc  eti .  It  is  tne  A-we  i  gti  t  i  tie 


sound  power  I'-vel.  Ca  1  c  u  la  1 1  ons  are  still  to  be  done  according 

to  Loiualions  (l.J-’)  -  (1.3i>).  However,  L,  and  L  in  ttie  ei,uations 

w  p 

are  replaced  tjv  L  and  L  . 

^ .  A 
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Calculations  of  loudness  level  and  perception  noise 
level:  The  loudness  level  is  calculated  from  the  following 

method,  after  the  sound  pressure  level  of  the  noise  is  first 
measured;  The  octave-band  or  third-octave-band  spectra  are 
first  determined,  followed  by  converting  each  frequency  band's 
sound  pressure  level  to  the  loudness  index  using  Figure  1.20, 
then  the  total  loudness  level  is  calculated  from  Equation  (1.32) 
^t  "  ^m  ^  "  ^m^  (sone),  (1.31) 

where  3,.  —  total  loudness,  sone;  xs,  —  sum  of  ttie  loudness 
indices  for  all  frequency  bands;  3^  —  fhe  maximum  value  of 
individual  loudness 'index;  F  is  determined  by  the  bandwidth 
used  in  spectral  analysis: 


bandwidth 

F 

octave  band 

0 . 3 

third-octave  band 

0.15 

After  the  total  loudness  3  is  calculated,  the  total  loud- 

ness  (sone)  can  be  converted  to  the  total  loudness  level  (ptjon) 

using  Equation  (1.20)  or  the  curves  in  Figure  1.21. 

If  accurate  calculations  are  not  required,  tiie  total  sound 

pressure  level  and  the  A-sound  level  con  be  read  out  from 

sound  level  meters.  From  the  difference  between  L  and  L  .  the 

c  A 

value  of  (phon-Lj,)  can  be  found  from  Figure  1.21.  By  adding 
this  value  to  ,  the  loudness  level  (phon)  is  obtained.  ur, 
with  the  values  of  L  and  L..  the  loudness  level  (phon)  is  direct! 
found  from  Figure  1.22.  The  loudness  value  (sone)  can  tiien  be 


For  example,  we  obtain  tbe  C-scale  reading  of  tiie  noise 

sound  level  L  =150  db  for  a  given  generator,  ttie  A-scale  read- 
c 

ing  is  L,  =122  db.  From  Figure  1.21,  tlie  (phon-dbc)  value  is 
t),  corresponding  to  dbC  -  dbA  =  S  db.  Therefore,  tlie  loudness 
level  of  the  generator  is 

=  dbC  +  (phon  -  dbC)  =  130  +  b  =  13o  ption. 

For  perception  noise  level,  a  similar  method  is  used  for 
calculations.  The  octave  or  third-octave  band  sound  pressure 
level  is  first  measured  for  a  given  aeronautic  noise.  From 
Figure  1.13  the  noise  level  for  each  frequency  band  is  obtained 
from  tlie  equi-noise  level  curves,  and  the  overall  noise  level 
is  then  calculated  from  liquation  (1.32): 

+  FC2:y  -  /V,)  (XOYS )  U  •  3 2  ) 

wiiere  X  —  the  maximum  of  the  noise  levels;  X.V —  sum  of  The 
m 

frequence'  band  noise  levels;  F  is  determined  from  tue  following 
ta  b  1  e 


Bandwidth 

F 

octave  band 

0.30 

Third-Octave  band 

0.13 

Then,  following  liquation  (1.33)  or  Table  1.1'j  and  i 
l.iq,  the  total  noise  level  can  he  converted  to  the  percejaion 
no i se  1  eve  1 : 

Total  PX  db  =  qo  -  33.3  log  X.^,  .  (1.33; 
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If  accurate  values  are  not  required,  tlie  total  sound 


pressure  level  and  the  A-sound  level  L  can  also  be  read 

out  from  sound  level  meters.  The  difference  L  -  L  is  obtained 

c  A 

From  Figure  1.113,  the  value  of  ( FN  db  -  dbc)  is  found.  The 

sum  of  this  value  and  dbr  is  ttie  perception  noise  level  FN  db. 

or,  directly  from  Figure  l.L*^,  the  FN'  db  can  be  obtained  from 

the  values  of  L.  and  L  . 

A  c 

In  recent  years,  sound  level  meters  with  a  D-network  have  become 
available.  Hierefore,  with  Ec,uation  (1.3^),  the  perception 
noise  level  can  be  directly  calculated  from  the  D-scale  reading: 

Perception  noise  level  FD  db  =  +  9.  (1.39) 

This  way,  measurements  and  calculations  are  greatly  simplified. 
For  example,  a  given  airplane  has  a  noise  with  =  190  db,  its 
perception  noise  level  is  tlien  190  -r  9  =  149  { PN  db). 


Table  1.10  Voise  level  (NOYS)  converted  to  perception 
noise  level  ( FN  db) 


Kev:  a.  NOYS;  b.  PN  db 


^  1.0  Allowable  Noise  standards 

To  wliat  degree  sliould  noise  be  controlled  to  be  most 
reasonable?  Is  it  best  to  completely  eliminate  noise?  No, 
this  is  not  necessary,  and  not  economical.  In  factories  and 
cities,  it  is  most  important  to  make  sure  that  no  deafness  or 
other  diseases  are  caused  by  noise.  Consequently,  there  is 
a  need  for  standards  to  safe-guard  bearing  and  bealtti.  To 
guarantee  that  living  and  working  areas  (such  as  residential 
areas,  industrial  areas,  business  districts,  i ns t i tu t io ns , 
schools,  hospitals,  etc.)  are  not  disturbed  by  noise,  we  need 
noise  standards  for  different  regions  as  well  as  different 
locations. 

Noise  standards  are  very  complicated.  Tliey  are  related 
to  acoustics,  psychology,  physiology,  health  science,  and  the 
technology  and  economic  conditions.  The  following  are  the 
noise  standards  ( ISu  standards)  recommended  by  the  43rd  Techni¬ 
cal  committee  (acoustics)  of  the  International  Standards 
u  rga  ni za  t  i  o n  . 


tl 


l.b.l  Noise  standards  as  expressed  in  terms  of  noise  ratin*! 

NR  values. 

The  ISO  standards  of  19bl  as  shown  in  Figure  1.J3  are  oom- 
[losed  of  a  group  of  noise  rating  curves  (i.e.,  \R  curves). 

[tieir  noise  level  range  is  between  o  and  1 3<>  db,  and  a  frequency 
range  of  h3--?()i'()  jjz  in  eight  freijuencv  bands. 
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In  this  group  of  noise  rating  curves,  the  sound  pressure 
level  of  the  octave  band  at  1000  ilz  is  equal  to  the  noise  rating 
value  N.  Tlie  relation  between  N  and  the  sound  pressure  levels 
for  the  octave  bands  at  bj,  1-5,  1^50,  500,  1000,  LIOOO,  4000, 
and  8000  llz  is  as  follows: 

=  a  +  bN'  (tib),  (1.35) 

where  a  and  b  are  constants,  with  their  values  given  is  Table 

1.11. 

To  make  a  convenient  reference,  the  corresponding  sound 
pressure  level  for  an  octave  band  for  ttie  noise  rating  values 
\  is  also  sliown  in  Table  1.12. 

1.  Allowable  noise  standards  for  hearing  protection:  F’or 
hearing  not  to  be  damaged  by  noises,  one  should  first  consider 
the  tioises  of  three  octave  bands  at  50U,  1000,  and  2000  llz  for 
general  conversations.  For  a  broad  frequency  band  noise  witn 
continuously  more  tlian  5  hours  daily,  at  i}00 ,  1000,  and  2000  llz, 
the  noise  rating  value  is  set  not  to  go  beyond  N  85. 

L'nder  certain  conditions,  with  less  than  5  hours  daily 
for  a  broad  band  noise,  one  can  allow  a  standard  higlier  than 
.\  85.  Tlie  upper  limit  is  determined  by  Figure  J.2n.  Tliis 
standard  allowing  12  db  is  based  on  the  temporary  audible 
field  sliift^^  at  2000  Hz.  This  is  shown  in  I'igure  1.2b  by  tue 
dashed  lines.  As  confirmed  by  hearing  tests,  c j n 1 1  nuo u s 1 y 

1)  L'nder  the  influence  of  noises,  hearing  abilitv  of  human 
ears  decreases;  after  a  certain  time  with  the  noise  stojqied, 
hearing  ability  will  recover.  Ttiis  effect  is  called  the  tem¬ 


porary  audible  field  shift. 
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octave  band  sound 
level  (,0  db  =  2  X 
central  frequency 
band 

noise  rating  value 


i  i  ut,'  ‘urves 


■MO 


press  ure 
10'^  N/m" 
of  octave 


Kev  : 

a  .  o  c  t  a  V  e  b  a  n  d 


Table  1.12  Corresponding  sound  pressure  level  (db) 
for  each  octave  band  vvith  a  noise  rating  value  .\’lj 


35.5  22.0  12.0  4.8 

39.4  26.3  16.6  9.7 

43.4  30.7  21.3  14.5 

47.3  35.0  25.9  19.4 

51.3  39.4  30.6  24.3 

55.2  43.7  35.2  29.2 

59.2  48.1  39.9  34.0 

63.1  52.4  44.5  38.9 

67.1  56.4  49.2  43. S 

71.0  61.1  53.6  48.6 

75.0  j  65.5  58.5  53.5 

78.9  I  69.8  63.1  58.4 

82.9  j  74.2  67.8  63.2 

50. 3  j  78.5  j  72.4  |  68.1 
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125 

250 

500 

90.8 

82.9 

77.1 

73 

94.7 

87.2 

81  7 

77.9 

98.7 

91.6 

8ti.4 

82.7 

102.6 

95.  a. 

91.0 

87.6  i 

IO0.6 

100.3 

95.7 

92.5 

110.5 

104.6 

100.3 

97.3 

114.5 

109.0 

105.0 

102.2 

118.4 

113.3 

109.6 

107. 1 

122.4 

117.7 

114.3 

111.9 

126.3 

122.0 

118.9 

U6.8 

130.3 

126.4 

123.6 

121.7 

134.2 

130.7 

128.2 

126.6 

138.2 

135.1 

132.9 

131.4 

1000  2000  4000  8000 

0  -3.5  -6.1  -8.0 

5  1.6  -1.0  -2.8 

10  6.6  4.2  2.3 

15  11.7  9.3  7.4 

20  16.8  14.4  12.6 

25  21.9  19.5  17.7 

30  26.9  24.7  22.9 

35  32.0  29.8  28.0 

40  37.1  34.9  33.2 

45  42.2  40.0  38.3 

50  47.2  45.2  43.5 

55  52.3  50.3  48.6 

60  57.4  55.4  53.8 

65  I  62.5  j  60.5  58.9 


67.5  65.7 


82.8,  81.0 

87.8  i  86.2  -4 

92.9  j  91.3  i  S'- 
98.0  i  96.4  ■ 


Key : 

a.  .^n  additional  octave 
band  with  31.5  He  was 
added  in  19''!  to  the 
ISO  noise  rating  value 
curves.  The  values 
are  listed  in  the 
following  table. 


1)  1971  ¥  i'?6S4ilSO«ft?!i?<ftffiS6X,'tIET-^31.5 


N  0  5  To  15  20  25  30  Jfl 

1.5  55.4  58. .8  62.2  65.6  69.()_:2.4  7=^8  76.2  v2.'- 

I  45  >0  55  o5  70  75  stj  ^ 

1.5  !  86.0  89.4  92.9  ^^.3  104.1  g  n;.~5' 

V  90  Too  10^  no  Ml  iJfj  ij'' 

1.5  1  116.7  120.1  123.5  126. V  HO. 5  1?J.7  IT.I 


j 

.V 

1 _ 1 

1.5 

working  for  5  ^^ours  at  N  95,  followed  by  a  2-minute  stop,  the 
audible  field  rises  by  12  db.  At  higher  noise  rating  values, 
one  reaches  this  stage  at  a  shorter  working  time  period.  The 
relation  is  sliown  in  Figure  1.26.  Therefore,  if  the  noise 
effect  lasts  for  50  minutes,  from  Figure  1.20,  the  allowable 
standard  is  N  95. 


Key : 

a.  temporary  audible 
field  shift  (db)  at 
2000  H: 

b.  action  time  [sec) 

c.  noise  rating  value 

d.  recommended  allow¬ 
able  value  for  temp¬ 
orary  audible  field 
shift  at  2000  Ht 


Figure  1.20  Noise  rating  values  for  short  working 
periods 

Under  certain  conditions,  the  effect  oi  broad  band  noise 
in  a  working  day  is  not  continuous.  The  allowable  noise  curves 
are  then  determined  in  Figure  1.27.  The  abscissa  is  tlie  time 
period  (minutes)  of  the  noise  effect,  ttie  ordinate  is  the  time 
interval  between  noise  occurrences.  The  dashed  lines  indicate 
the  number  of  times  daily  for  tlie  allowed  effect.  The  solid 
lines  indicate  the  noise  rating  values  X. 
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For  example,  in  an  eight-hour  working  day  with  ‘JU  minutes 
working  for  each  L’  hours,  the  allowable  noise  rating  value  is 
N  100. 

i: .  Allowable  noise  standards  for  comprehensible  conver¬ 
sations:  Under  normal  conditions,  conversations  at  a  distance 

witnin  2  m  can  be  clearly  heard.  Therefore,  one  should  also 
consider  the  conversational  frequencies  at  500,  1000,  and  2000 
Hz.  Table  1.13  shows,  at  different  noise  rating  values  N , 
ttie  relation  between  the  distance  and  the  degree  of  comprehen¬ 
sibility.  The  N  values  should  be  calculated  from  the  sound 
pressure  levels  of  500,  1000,  and  2000  Hz  measured  at  the  human 
ears '  positions . 

For  telephone  conversa tiuns ,  Table  l.l'^i  siiould  be  used. 

3.  Allowable  standards  based  on  the  interference  of  noises: 
These  standards  are  introduced  because  of  tlie  fact  that  noises 
interfere  with  normal  work  and  rest,  and  that  noise  makes  people 
feel  disturbed  and  uncomfortable.  Therefore,  the  standards  are 
different  between  day  and  night,  summer  atid  winter,  city  and 
countryside,  as  well  as  between  continuous  and  pulsed  noises. 

For  instance,  nighttime  stiould  be  quieter  tiian  daytime,  atid 
summertime  (with  windows  open)  should  be  quieter  than  winter¬ 
time  (with  windows  closed).  Accordingly,  the  standards  snould 
be  higher  for  nighttime  and  summertime  than  for  daytime  and 
wintertime.  Pulsed  sound  makes  one  more  uncomfortable  than  con¬ 
tinuous  sound  does.  Therefore,  the  restrictions  on  imlsed 
sound  are  more  stringent.  63 


The  method  of  determination  involves  first  the  calcula¬ 
tions,  within  the  frequency  range  31.5-6000  Hz,  of  the  N  value 
from  the  measured  octave-band  sound  pressure  level  of  the  noise, 
then  comparison  with  Table  1.15  and  1.1b,  followed  by  corrections 
with  Table  1.17. 
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Key: 

a.  time  interval  (min) 

b.  allowable  number  daily 

c.  noise  rating  value 


Figure  1.27  Limits  for  pulsed  noises 


Table  1.13 


; 


noise  rating  value  N 
distance  (mj  for  normal 
conversation 
distance  (,mj  for  loud 
conversation 
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I  Table  1.14 


^  vf  {ft  n  N 

g  s 

50 

(d>  A  » 

60 

M  «  a  « 

75 

0  8  » 

«  a  ±(^') 

(§)^  « 

Key:  a.  noise  rating  value  N;  b.  above  75;  c.  conversation 

condition;  d.  good;  e.  with  some  difficulty;  f,  diff¬ 
icult;  g.  impossible 


Table  1.15  Evaluation  standards  for  noise  interference 


(^•tPWiStAN 

»  (i£) 

20—30 
30—30  ^ 

30—50  ® 
50—60  W 

60—70  M 

)xr 

Key:  a.  noise  rating  value  N;  b.  location; 

c.  dormitory,  patient  room,  T\  room,  residence,  theater, 
conference  room,  reading  room,  auditorium; 

d.  large  office,  store,  institution,  small  restaurant, 
meeting  room; 

e.  large  restaurant,  classroom,  office  with  typewriters, 
high  school 

f.  large  typing  room;  g.  factory 


Table  1.1b 


■SI  IS  (§) 


(§)♦*  E  y]  N  St 

R  0  a- 

■*«  a  T(g) 

'{)  R  •ff  w  3i 

4U— 50 

35-55 

'(v 

50  U  ±  0 

'  (pSK^* 

Key : 


a.  comments  from  residents;  b.  correction  value  of  N'; 
c.  below  40;  d.  above  50;  e.  comments;  f.  no  comment; 
g.  comments  from  a  few  people;  h.  comments  from  many  people; 
i.  many  complaints 
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1.0.2  Noise  standards  based  on  A-sound  levels 

In  19b7,  tlie  International  Standards  organization  introduced 
again  a  new  ISO  noise  evaluation  based  on  A-sound  levels.  There 
are  conversion  relationships  between  A-sound  levels  and  noise 
rating  values  NR.  For  most  noises  (with  the  exception  of  aero¬ 
nautic  noises),  the  NR  values  are  lower  than  the  A-sound  levels 
by  5  db  ,  i  .  e  .  , 

La  =  N  +  5.  ( 1 • 3b) 

1.  Allowable  noise  standards  for  hearing  protection:  To 
protect  hearing,  the  allowable  noise  standards  are  defined, 
based  ou  the  working  time  period  under  the  noise  conditions. 

For  instance,  with  an  b  hour  w'orking  period,  the  allowable 
A-sound  level  for  continuous  noises  is  90  dbA.  With  half  of 
the  time  period,  the  allowable  noises  can  be  raised  by  3  dbA. 

If  the  daily  working  period  is  ^  hours,  the  allowable  noise  is 
93  dbA;  and  9h  dbA  for  a  2  hour  working  period.  The  upper  limit 
is  115  dbA.  That  is,  under  all  conditions,  the  noise  can  not 
go  beyond  115  dbA  in  order  to  j»rotect  hearing. 

Recently,  it  has  been  suggested  internationally  tliat  the 
allowable  continuous  noise  is  35  dbA  for  a  daily  work  of  a 
hours.  This  number  has  been  accepted  in  several  countries. 

I  rider  many  conditions,  tiie  noise  levels  in  factories  are 
not  c  instant.  Furthermore,  operators  do  not  work  under  a  given 
noise  level  either.  To  take  t  h.  i  s  into  c  o  n s  i  fl  c  ra  t  i  o  n  ,  1  iu 
introduced  in  1971  another  noise  evaluation  standard  based  on 
e(jui-effect  continuous  A-sound  levels. 
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The  definition  of  an  equi-effect  continuous  A-sound  level 
is;  In  a  certain  position  in  the  sound  field,  and  in  a  certain 


time  interval  there  are  several  discontinuous  A-sound  levels 
prevailing.  Based  on  the  average  energy',  one  can  use  one  A- 
sound  level  to  express  the  strength  of  the  noise  in  this  time 
interval.  This  A-sound  level  is  called  the  equi-effect  con¬ 
tinuous  A-sound  level.  The  equation  is 

i-ee  -  10  log  lo«  “-  (  db ) 

(1.37) 

where  —  equi-effect  continuous  A-sound  level,  db;  T —  ti;e 
time  interval  under  consideration;  L —  the  instantaneous  value 
of  the  vary’ing  sound  levels. 

From  Equation  (1.37)  it  can  be  seen  that,  for  a  stable  noise 
over  a  period  of  time,  the  A-sound  level  is  the  equi-effect  con¬ 
tinuous  A-sound  level. 

liiu  introduces  the  concept  of  a  weekly'  e([u  i-ef  fee  t  .A-sound 
level  and  its  regulations:  If  there  is  onlv  one  constant  con¬ 
tinuous  noise  effect,  then  the  equi-effect  continuous  A-sound 
level  is  just  the  A-sound  level.  For  instance,  if  the  noise 
inside  a  certain  machine  room  is  stable,  and  the  total  number 
over  a  weekly  40  hour  period  is  100  db(A),  then  the  eijui-effcct 
continuous  .\-sound  level  is  also  100  db(..v).  on  the  other  hand, 
if  the  noise  effect  is  not  constant,  but  is  changing  with  time, 
then  the  erjui-effect  continuous  A-soutid  level  for  that  noise  is 
Lee  ^  IJgSE,  (db),  (1.36) 

L.  =  (Aq/40)  (1.39) 
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where  —  exposure  index  corresponding  to  the  noise  portion 
with  its  sound  level  (a)  equal  to  At^ —  time  period  for 

the  weekly  ^0  hours'  sound  level  db(A)-  2.5  db.  For  instance, 

consider  the  noise  inside  a  machine  room.  In  a  40  hour  period, 
there  are  20  hours  with  110  db(A),  10  hours  with  90  db(A),  and 
10  hours  with  100  db(A).  Then  the  equi-effect  continuous  A-sound 
level  for  the  room  is 

■Lee  -  70  +  10  log  S  E, 

-  70  +  10  log  lo*  ''"-*'  + 

Uo  40 

+  10ioo.«u»-»)l  107  db  (AJ 

40  i 

Based  on  the  e<iui-effect  continuous  A-sound  levels,  ISO 
has  investigated  the  noise  exposure  of  a  large  number  of  workers 
with  different  working  periods.  The  noise-caused  deafness  rates 
were  studied  (see  Table  1.18).  From  this  table  one  can  see  that, 
with  Lgg  below  SO  db(A),  the  hazards  are  null.  No  noise-caused 
deafness  occurred.  It  took  40  years  at  &5  db(A)  to  reach  a 
hazard  rate  of  10%,  10  years  at  90  db(A),  5  years  at  95  db(A), 
and  less  than  5  years  at  above  100  db(A).  Accordingly,  under 
normal  conditions,  of  85-90  db(A)  is  the  allowable  noise 

standard  for  hearing  protection. 

2.  Evaluation  standards  based  on  noise  interference;  I8u 
again  introduced  in  1971  the  A-sound  level  standard  based  on 
social  reactions.  The  main  point  is  that  the  allowable  noise 
is  33- ‘^0  db(A)  for  outdoors  in  residential  areas. 
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Table  1.19  gives  correction  factors  for  the  nc-se  stanoaro 
at  different  time  periods. 

Table  1.20  gives  correction  factors  for  the  indoor  noise 
standards  for  residential  areas. 

See  Table  1.21  for  the  correction  factors  of  noise 
standards  of  different  areas. 

The  outdoor  noise  standards  in  residential  areas  can  also 
be  expressed  in  Table  1.22. 

Table  1.23  shows  the  noise  standards  for  non-residentia 1 


areas . 


Table  I.IS  Relationship  between  ttie  0-^5  years'  equi- 
effect  continuous  A-sound  levels  and  the  hearing  hazard 
ra  tes 
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Table  1.22  Allowable  A-sound  levels  for  residential 


In  recent  years,  studies  have  been  made  on  100  factories’ 
noise  by  the  "Industrial  Noise  Standards  Kesearch"  Group 
supportefi  by  the  peijing  Workers'  Protection  and  Science 
Research  Institute,  llie  Peijing  u  to  rh  i  no  la  rvngo  1  ogy  Itesearcti 
Institute,  the  Chinese  Science  Academy's  Psyoholog)  Research 
Institute,  the  Peijing  Medical  Institute,  the  peijing  Municipal 


tiealtli  and  Epidemiolog/  Station,  etc.  Anal/ses  were  done  on 
tlie  effects  of  different  sound  levels  on  close  to  ten-thousand 
workers  of  varying  working  years,  in  terms  of  their  hearing, 
ear-nose-throat,  blood  pressure,  pulse,  EKG  and  nervous  systems. 
These  led  to  the  relationships  between  the  A-sound  levels  and 
hearing,  tlie  A-soutid  levels  and  changes  of  EKG(ST-T),  and  the 
A-sound  levels  and  incidence  rate  of  nervous  breakdowns.  They 
also  evaluated  tlie  principal  freiiuencies  of  mandarin.  Based  on 
these,  they  have  summari2ed  the  noise  effects  on  hearing, 
coronary,  nervous  systems,  and  proposed  the  following  industrial 
noise  standards;  For  new  industries,  machine  rooms  should  not 
have  noise  standards  exceeding  85  db(A).  Consequently,  over 
95^0  of  the  workers  will  not  become  deaf  over  long  working  years, 
and  most  of  them  will  not  have  noise-caused  coronary  and  nervous 
diseases.  For  existing  industries,  considering  economic  and 
technical  conditions  and  feasibilities,  the  noise  standards 
can  be  temporarily  set  at  90  db(A),  and  gradually  reduced  to 
5  5  d  b  ( A )  . 

At  the  same  time,  the  Peijing  'Aorkers'  Protection  and 
Science  Research  Institute  also  tested  and  analysed  the  environ¬ 
mental  noises  of  50  streets.  Close  to  ten-tiiousand  residents' 
psychological  and  acoustic  reactions  were  investigated  and 
studied.  According  to  the  results,  they  have  made  statistical 
and  jisyc ho -ph ys ica  1  evaluations.  They  proiiosed  the  f o  1  lov.-iiui 
suggestions  for  the  residential  noise  standards  near  factories; 
Daytime  (  d  a.m.  to  10  p.m.);  50  db(A),  nigiittime  (10  [) .  m .  to 


Chapter  C  Aerodynamic  Noise 


i’ollowing  the  development  of  modern  industry  and  scientific 
tecimologv,  aerodynamic  machinery’  iias  more  and  more  applica¬ 
tions.  It  becomes  the  necessary  equipment  in  both  domestic 
economics  and  defense  industries,  Uowever,  aerodynamic  processess 
all  produce  noises,  and  these  noises  are  more  often  encountered 
and  more  dangerous.  Particularly  for  the  modern  technological 
development,  aerodynamic  machinery  promoted  greatlv  rne  power 
efficiencies,  and  increased  rotating  speeds,  t'lus  also  generated 
stroticier  noise.  For  instance,  large  scale  turbine  generator 
systems,  high  pressure/'large  volume  exhaust  streams  and  jet 
airplanes  have  noise  powrer  levels  as  high  as  150-IOO  db.  The 
sound  power  is  as  high  as  luOO-10000  watts.  For  suturn  rockets 
the  sound  power  levels  even  reacn  195  Jb,  and  ti,e  sound  power 
reacnes  113— billion  watt.[bl  ^ome  hign  sound  intensity  aero- 
d>-namic  noises  not  only  seriously  damage  human  healtli,  but  also 
lead  to  the  failure  of  automatic  control  ecjuipment  and  sensitive 
testing  facilities  tlirough  ''acoustic  fatigues".  Therefore,  tne 
control  of  aerodynamic  noise  lias  special  meaning  in  modern 
t  c  1 1  n  0 1  o  g  V  . 

llie  production  mecliaiiisra  and  pro[ierties  of  a  e  r  0  d  >'na  m  i  r,' 
noise  are  discussed  below. 

^  L’ .  I  Fo  rma  t  i  o  n  of  aerodynamic  noose  and 
thtj  tvpes  of  ti.e  sourui  sources 

Aeroflvnamic  noise  is  proiJuced  throni:.n  tne  nnstanle  .irjcesses 

/'I 

-  1 


of  gases,  or  the  disturbance  of  gases  atid  the  interactions 
between  gases  and  ajaterials. 

Turbulent  gases  have  t'le  continuity  equation 


dt  dx. 


(2.1) 


where  p -  density;  v.  -  wind  velocity  in  the  \.  direction; 

'1  1 

t  -  time;  q  -  flux  from  source  per  unit  time  and  unit  volume 


The  motion  equation 

^  ^  (pPit'i  +  f>,i)  =  F,, 

(^.2) 

where  F. - the  generalized  force  in  unit  volume;  pv.v 

t  ^  1  .] 

shear  compressive  stress  tensor;  p.^  =  ~  ^  s„ 

1  dx.  dx,  3  dx^ 

- [iressure  and  viscosity-related  compressive  stress  tensor; 

n -  viscosity  coefficient. 


5.V  =  { 


1  when  i=j, 

0  when  i  \  J , 

Differentiating  (2.1)  with  respect  to  time  ai'h 
tiating  (j.2)  with  respect  to  x^,  through  manipulations 


to  d if  fere n 
one  obtain 


(-.5) 


and  lurcher 


o  b ta i n 


where 


T ij  —  pvi  Vi  +  p,,  —  <■{  p6ii.  ,  ,  ^ 

From  Equation  {2,k)  it  cati  be  seen  that,  when  the  flux  Q 

from  Source  varies  with  time,  the  generalized  force  varies  with 

space,  or  the  compressive  stress  tensor  T.  ^  varies,  aerod vnaraic 

t  j 

noise  will  be  produced. 

In  general,  for  sound  radiation  problems,  one  has  to  solve 
the  wave  functions  witli  certain  boundarv  conditions.  The  matne- 
matical  derivations  are  very  complicated.  The  stmplt;r  way  is  to 
find  solutions  for  basic  spiierical  radiations.  uf  course,  this 
kind  of  radiation  is  idealized.  But  it  has  real  meaning.  This 
is  because  most  radiators  are  similar  to  spherical  sound  sources 
wtien  their  dimensions  are  much  smaller  than  the  wavelengths.  In 
addition,  many  complicated  sound  radiations  can  be  resolved  into 
sound  radiations  of  simplified  configurations.  For  aerodvnaniic 
noises,  in  terras  of  the  sound  source  c  lia  rac  t  e  r  i  s  t  ic  s  ,  tliere  are 
three  main  groups;  single  source,  dii'ole  source,  and  (juadrupole 
source . 

Single  source  is  also  called  zeroth  order  source.  qhcn  high 
speed  streams  are  period  ica  1  1  >■  exhausted  from  the  outlet,  o  i'  wiien 
steady  streams  are  periodically  shut  off,  ttien  the  flux  q  from  the 
source  varies  with  time  and  [H'orluces  a  s  in.^  1  e-source  radiation. 

single  source  reoeiables  a  pulsed  sphere.  It  evenly  exp'ands 
and  contracts.  Its  radiation  directionality  is  spherical  (Figure 
.  1  )  .  The  wave  function  of  a  single  source  radiation  is 


_a 

dr 


where  <p - velocity  potential. 

a.  sound  source  category 

b.  schematic  diagram  of 
sound  source 

c.  radiation  characteristics 
d  .  d  i  rec  t  io na  1  i  t / 

e,  sound  power 


f.  single  source 


g.  dipole  source 

h.  quadrupole  source 
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Figure  ,  1  Radiation  categories  of  aerod-.  tiamic  noises 

Following  certain  mathematical  derivations,  [2, 3, 5, 7, 8]  one 
can  obtain  the  sound  power  of  a  single  source 

W  x  pL  —  ^  p  Lv'M, 

‘  (-.7) 

wtiere  p - gas  density,  kg/m^;  L - relevant  longtli,  m:  v - 

flow  rate,  m/s;  c - sound  velocity,  ni/s;  M - Macii  number,  euual 

to  v/c,  dimensionless. 

Double  source  (dipole  source):  Double -source  radio  lion 
occurs  when  stream  and  materials  interact  sucii  that  rue  _enera- 


lized  force  IF  varies  with  space.  blowers,  air  hatuilers,  ete 


have  noises  of  this  kind. 


A  double  source  can  be  viewed  as  a  pair  of  single  sources 


with  their  separation  distance  stiorter  than  the  wavelength. 

Its  directionality  is  of  ttie  S-shape.  The  radiation  is  stronger 
along  the  axis,  and  weaker  in  the  direction  perpendicular  to  the 
axis  (Figure  3.1) 

The  wave  motion  equation  for  a  double-source  is 


±  A  f  -I- ^  (  sia  0  • 

r‘  dr  (  dr  /  r^sin  6  86  \  88  / 


Following  certain  mathematical  derivation,  [2, 3, 5,7, 8]  the 
sound  power  of  a  double-source  can  be  obtained  as 


fp  oc  -  p  L*  •«’ 


(^.9) 


juadrupole  source:  v.'lien  high  sp'eed  gases  are  exhausted  as 
a  jet,  compressive  stress  tensor  T^^^  varies  to  produce  quadru- 
pole  radiation.  A  quadrupole  source  can  be  viewed  as  two  pairs 
of  dipole  sources  at  150^  to  each  other.  Its  d  i  rec  l  io  na  ]  i  t  is 
siiown  in  Figure  3.1-  The  sound  power  of  a  quadrupole  source  is 


W  oc  pU  —  =  p  L‘  M\ 


(2.10) 


^2.2  Fan  noise 

.Vir  handlers,  blowers,  propeller  airplanes,  rotating  coin- 
[:ressors,  motors  witli  cooling  fans,  etc.  produce  noise  which 
arises  mainly  from  tl. e  rotating  fans. 


78 


I'au  noise  is  composed  of  the  noise  from  rotation  and 
noise  from  eddy  currents. 

Rotation  noises;  They  are  also  called  blade  noises.  iTiey 
are  produced  because  the  rotating  blades  periodically  make  impact 
on  air  particles,  and  lead  to  fluctuations  of  the  air  pressure. 

This  pressure  fluctuation  can  be  resolved,  turough  Fourier  series, 
into  one  steady  component  and  a  series  of  vibration  components, 
as  shown  in  Figure  2.2.  The  steady  component  is  the  required  air 
pressure  for  the  aerodynamic  equipment.  Tlie  vibration  components 
are  the  rotation  noise  from  the  blades. 


a.  steady  component 


Figure  2.2  Schematic  diagram  showing  the  Fourier 
components  of  the  rotation  noise  from 
a  fan 

1,  2,  and  5  are,  respectively,  the  Ist, 
2nd,  and  3rd  order  harmonic  wave. 


The  fre(iuenc>-  of  the  rotation  noise  is  the  same  as  tiie 

number  of  impacts  on  air  particles  by  tl.e  blaiJes.  Tlie  value  is 

f.  =  {n^/uu)i,  (-.11) 
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wliere  u - revolutions  per  minute;  l - number  of  blades;  i  =  I, 

2,3,.... -  harmonic  wave  index.  For  a  fan  with  z  symmetrically 

arranged  blades,  wiien  it  rotates  at  a  revolutions  per  minute, 
the  fundamental  frequency  of  the  rotating  noise  is 

fj  =  nz/bO.  (2.12) 

This  fan  has  rotating  noise  with  harmonic  waves  with  =  2fj^, 


For  example,  fur  a  Model  K-4250  turbine  blower,  with  the  number 
of  blades  Z  =  13,  when  n  =  2600  rpm, 

f^  =  nz/oO  =  (2t)00  X  15)/o0  =  560  iiz , 
f,,  =  2f^  =  1120  IIz, 
f>  =  3f^  =  looO  Hz. 

Experimental  results  as  shown  in  Figure  2.3  (analyzer  is  a 
narrow  band  wave  filter),  peak  values  occur  at  5o0,  1120,  and 
ludO  hz . 


Figure  1.3  Noise  frequency  spectrum  of  a  K-h230 
blower 

n  =  2t)QO  rpm,  y  =  't2  36  m'’/rain 
nddy  current  noise  :  Wheti  blades  rotate-  and  i-roduce  (.'ddy 


currents  in  the-  surrounding  gases,  such  eddy  currents  will  further 
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break  into  a  series  of  independent  small  eddy  currents,  due  to 
the  effect  of  viscosity.  The  processes  of  eddy  current  forma¬ 
tion  and  their  breaking-up  lead  to  the  vibration  of  air,  causing 
the  formation  of  compressive  and  expansive  regions,  resulting  in 
the  occurrence  of  noise. 

The  eddy  current  frequency  is 
f.  =  sh(v/D)i, 

where  sh -  Stowreu-Hali  number,  in  the  range  of  0.14-0.20  and 

generally  taken  as  0.165;  v -  relative  velocity  between  the  gas 

and  materials;  D -  the  projection  of  the  front  width  of  a  body 

in  the  direction  normal  to  the  velocity  plane;  i  =  1,  2,  5,  ... 

-  harmonic  wave  index. 

When  tiie  fan  rotates,  the  eddy  current  frequency  is  deter¬ 
mined  by  tlie  relative  velocity  between  the  blade  and  the  gas. 

The  tangential  velocity  of  the  rotating  blades  varies  with  the 
distance  from  the  center  of  rotation.  From  the  center  to  the 
maximum  circumference,  the  velocity  varies  co n t inuo us  1 y .  There¬ 
fore,  the  eddy  current  tioises  of  fans  show  clearly  continuous 
spec  tra . 

As  far  as  fan  noises  are  concerned,  the  rotation  noises 
dominate  for  machinery  with  high  power  and  large  tangential 
velocities,  such  as  airplane  propellers,  large  blowers,  etc. 

ufi  the  otlier  hand,  as  in  a  ir-cond  i  t  ioners  ,  the  e(ld>'  current 

noises  dominate. 

The  noise  frequency  s{)ectra  of  rotating  m;icninerv  often 
have  base  lines  in  the  form  of  continuous  spectra  over  broad 
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frequency  ranges,  on  top  of  them  are  several  peaks  (not  notice¬ 
able  at  low  power  and  slow  rotating  speeds).  This  is  the  result 
of  mixing  between  the  rotation  noise  and  eddy  current  noise.. 

For  wind  generators  or  any  other  aerodynamic  equipment 
utilizing  fans  (e.g.,  wind  tunnel),  the  fan  noise  dominates. 

In  addition,  wind  guide  plates,  elbows,  cross-sectional  varia¬ 
tions,  local  obstacles,  the  shell  of  centrifugal  wind  generators, 
etc.  also  produce  not  too  small  eddy  current  noise.  The  re¬ 
sonance  of  the  wind  generators'  shells  and  the  wind  pipes  can 
also  produce  noise,  particularly  when  tne  aerodynamic  equijiment 
is  not  well  installed,  with  a  lack  of  dynamic  euuilibrium,  or 
wljen  the  shells  are  broken.  In  these  cases,  noise  increases 
significantly. 

Figures  2.k-  2.11  show  experimental  results  on  noise  pro¬ 
duced  by  aerodynamic  equipment  with  fans  (testing  points  are 
generally  selected  at  1  m  from  the  e<]uipraent  and  1.5  m  high). 


a.  octave-band  sound  pressure 
level  (db) 

b.  frequency  (liz) 


Figure  2.^  Noise  frequency  spectrum  of  hrown- 
Bovery  steam  generators, 
n  =  1000  rpra,  N  =  '<200  k\V 
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octave-band  sound  pressure 
level  (db) 
frequency  (Hz) 

Figure  2.5  Noise  frequency 
n  =  3200  rpm, 

octave-band  sound  pressure 
level  (db) 
frequency  (Hz) 

Figure  2.0 


spectrum  of  AEG  blowers, 
=  1^00  -  loOO  m^/rain 


1  - noise  frequency  spectrum  of  o500  air 

blowers,  n  =  l^bO  rpm,  =  0500  m'^'min 

2  - noise  fre(|uency  spectrum  of  550O  air 

blowers,  n  =  905  rpm,  =  3500  m"*  min 


octave-band  sound  pressure 
level  (db) 
freijuency  (Hz) 


25000  m-^/^br  turbine  compressors. 


Figure  2.7 


a.  octave-band  sound  pressure 
level  (db) 

b.  freiiuency  (llz) 


1-5  :50  2k  Jk  sk. 


Figure  2.S  N’oise  frequency  spectrum  of  D50-11  com¬ 
pressors,  n  =  6890  rpm,  ^  =  50  m^/min 

Ok. 

a.  octave-band  sound  pressure  /^oo  '  !  '  '  !  i  i 

level  (db)  /  r  <« 

b.  frequency  (Hz)  I  i!  j  ; 

\  »  ™  — j - i - i - ^ ^ - - 

W.I  .  f  I  ^  ■  i  , 

63  125  250  ^0  -Ik  2k  git 

V- 

Figure  2.9  Noise  frequency  spectrum  of  1JB51-2 
electrical  generators. 


a.  octave-band  sound  pressure 
level  (db) 
frequency  (Hz) 
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Figure  2.10  Noise  frequency  spectrum  of  a  certain  wind 
tunnel.  This  wind  tunnel  uses  two  >iodel 
LS^  Rotz  blowers  to  supply  wind, 
n  =  970  rp'm,  u  =  5000  m  ^  min 


a.  sound  pressure  level  (db) 

b.  frequency  (Uz) 


Figure  2.11  N'oise  frequency  spectrum  of  ZBY-2^-lUR  main 
fans.  n  =  750  rpm,  q  =  50-120  m'^/sec 

In  terms  of  sound  source  characteristics,  the  fan  noises 
belong  to  double  sound  sources,  i.e.,  dipole  sources.  The  solu¬ 
tion  for  the  dijjole  radiation  equation  (2.^)  is 
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Axel  3*1  •  '' 


,-U^) 


l*-y| 


■dV, 


(-.iM 

where  j the  coordinate  of  the  fluid  unit  dV  under  considera¬ 
tion;  X -  the  coordinate  of  the  testing  point  in  a  far  field 

outside  the  stream;  '■=lx  — y| - distance  between  the  unit  vjlume 

and  the  testing  point. 

In  a  far  field,  equation  (2.1'»)  can  be  simplified  to  become 


p 


\ 

Axel 


rO  dt 


F.dV. 


(^.15) 


Through  certain  ma thema t ica 1  derivations,  one  cun  obtain  the 
equation  (2.9)  for  the  sound  powder  of  dijiole  sour(;es.  i  roir. 
equation  (2.9),  tlie  Sound  power  of  dii)Ole  sources  is  pro  ]ro  rt  i  o  na  1 
to  tne  sixth  power  of  velocity.  This  is  in  agreement  \,iih 


experimental  results.  Figure  2.12  siiows  ty^pical  examples  of  the 
relationship  between  noise  and  tangential  velocity  for  various 
rotating  blades.  It  can  be  seen  that,  the  fan  noise  sound  power 
is  more  or  less  proportional  to  the  sixth  power  of  the  tangential 
velocity  of  the  blades,  and  sometimes  it  is  proportional  to  the 
5 . 5th  power. 

a.  sound  power  level  (db) 

b .  m/'s 

Figure  2.12  Relationship  between  the  noise  and  the 
tangential  velocity  for  rotating  blades 
with  different  cross  sections 

1 - \v  =  constant  x  v^ ; 

2-7  -  blades  with  different  snapes; 

S  -  w  =  constant  x  v^'^ 

The  sound  power  of  fan  noise  is  also  i)ro po rt io na  1  to  the 
square  of  the  fan  diameter,  and  is  related  to  the  resistance 
coefficient  of  the  fan  atid  the  shape  of  the  fan.  In  ma  thema  t  ic.i  1 
terras 

,  ,  ,  N 

C’  (  2  .  1  u  ) 

where  f - normal  resistance  co c f f ic  ien t ;  v - tangential  veljcitv 


D - fan  diameter. 


L . Ya .  Yudin 


gave  [7j  the  sound  power  tor  smootii  blades  of 


wind  generators 


W  =  i^shy  p"  I  D, 


(-^.17) 

where  k  =  0.04  -  proportional  coefficient;  v  -  tangential 

velocity;  I -  length  of  blades;  D  -  transverse  length  of  blades 

sucii  as  diameter.  For  rotating  bodies  witti  rougli  surfaces,  tlie 
sound  power  is 


U/  =  l.K^Oh§y  Cl  -  K,yv%DRC  -  I)Z 
7  f* 

(_'.lo) 

where  v^  -  tangential  velocity  of  the  tip  of  the  rotating  blades; 

U  -  transverse  dimensions  of  the  rotating  blades  in  the  direc¬ 
tion  i)e  rpend  ic  u  la  r  to  tlie  impact  flu.x;  U - raiiius  of  rolaiing 

l)lades;  d - tne  ratio  between  the  radius  of  the  co\’(,‘r  tube  of 

the  rotating  body  and  the  radius  it;  Z - number  of  rotating 

blades;  k  =  0 . 0  j . 

’  n 

’ivlien  actual  testing  data  are  lacking,  the  sound  power  le-vels 
of  wind  ec|uipment  noise  can  he  estiniated  from  the  following 
e '  u  a  t  i  o  n  : 

L».  =  £»  +  lOlog  (pHO  ik.l',') 

wncre  Lw - specific  sound  power  level  of  tlie  w  r.d  generator, 

the  sound  power  level  of  a  same  class  of  wind  general  -rs  w  i  i  h. 
unit  wind  volume  (m"^,  hour)  and  unit  wind  jiressure  (l  inm  water 

column);  ^ - flow  volume  of  the  witid  geMU--roTjr  iioiir):  n  -- 

total  wind  pressure  of  the  wind  generator,  mm  water  e  o  1  uir.n . 
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The  Chinese  mudel  k~n2,  model  <<DG,  and  model  ^-7-  wind 
^ei. orators  have  specific  sound  power  levels  as  shown  in 
Table  2 . 1  .  flO] 

Table  .  1  Specific  sound  power  levels  of  severa 
kinds  of  wind  generators 


a .  model  of  the 
wind  e4uipment 

b.  model 
c  .  (db ) 


"■{Mr:; 

n 

•7 

0.05  i<-?' 

;o.5  io.i  jo.cs 

0- 1: 

|*-35  '  1,’S 

0.  t. 

■j  !  1 

c  (,s  \  4  25  7* 

i  ;•<  1C.:’2 

o.io'  i:  ■ 

0,7 

3  ’"i  • 

!c.'5 ;o. 18  ::  ^ 

26  ‘c.S^ 

0. '  :2.s  ‘ 

0.5 

0.!8'  :5 

22  b  2  '  22 

1  1 

■  21  Jo. St 

jO.rn,  '9  ; 

'J,  9 

0.2:]  :s 

jo.65h),24i  23 

0.^ 

i  2.3  P,35 

,0.25'  ::  i 

1 

■  i.S 

0.26,'  35 

•0.'  |0  2.4  '  '4  '  f  ■' 

7 .  5 

'  75  '  c. 

.  ,  1 
0,3.7  r  , 

o.~ 

1)  ,  in  the  Table  is  the  flow  volume  coefficient: 

- 2 - 

_  X  D'  X  !•  X  5600 

4 

where  C - fan  diameter  of  the  wind  generator,  m ;  «' - 

tangential  velocitv  of  the  wind  generator  fan.  ra/s:  .  - 

flow  volume  of  the  wind  generator,  'hour. 

-J ,  7^  is  the  wind  generator's  total  pressurr-  efficiency. 

The  sound  power  level  of  each  fre([uenc\’  band  for  the  wind 
genera  tor 

i-w,  —  +  .ata,  fj  t)  ^  (  s  .  _  !j  J 

where  - correction  value  f)r  eacn  frenueuev  hand's 

sound  power  level  for  tdie  wind  generator,  dh. 
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L.  L.  Drenak  [9]  derived  the  correction  value  curve  as 

shown  in  Figure  2.13  for  both  centrifugal  type  wind  generator 
and  the  axial  flow  type  wind  generator.  As  seen  from  the  figure, 
the  axial  flow  wind  generator  has  relatively  flat  frequency  charac 
teristics,  which  decreases  somewhat  at  low  and  high  frequencies. 
For  the  centrifugal  type  wind  generator,  the  sound  power  level 
is  high  at  low  frequencies,  and  decreases  with  increasing  fre- 
(luency  at  a  slope  of  5  db/octave  band. 


a . 

b. 
c  . 


axial  flow  fan 
centrifugal  fan 
sound  power  frequ 
band  level,  the  d 
with  the  total  so 
as  the  reference 


Figure  2.15  Correction  curves  for  sound  power  levels 
at  each  frequency  band 

Table  2.2  [10]  gives  the  AL*-  values  for  several  wind  genera¬ 
tors.  From  this  one  can  calculate  the  sound  power  level  of  each 
frequency  band. 

After  the  sound  power  level  is  obtained,  the  total  sound 
pressure  level  and  the  sound  pressure  level  for  each  frequency 
band  can  be  calculated  from  equation  (l.lb).  Finally  the  fre¬ 
quency  spectrum  curves  can  be  obtained. 
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^2.3  Jet  Noise 


Air  compressors,  blowers,  cbemical  reactors,  Ligb  pressure 
vessels,  jet  sprayers,  steam  boilers,  and  jet  airplanes,  in  the 
process  of  exhausting  or  ejecting  gas  into  atmosphere,  disturb 
the  steady  state  of  the  atmosphere  and  cause  great  disturbance. 
This  is  due  to  the  turbulent  mixing  of  the  high  speed  gas  par¬ 
ticles  and  the  low  speed  gas  particles  in  their  surroundings. 
Strong  jet  noises  can  thus  be  produced.  Jet  noises  have  sound 
power  levels  as  high  as  13O-IOO  db,  with  the  sound  levels  at 
110-150  db(A)  near  the  exhaust  outlet,  seriously  polluting  the 
quietness  of  the  surrounding. 

For  instance,  the  noise  level  is  110-12.5  db(A)  at  1  m  from 
the  exhaust  outlet  of  an  air  compressor  (with  pressure  below  10 
atmospheres).  The  noise  level  gradually  increases  with  increas¬ 
ing  exhaust  pressure,  as  shown  in  Figure  2.1^. 


Figure  2.14  Lxhaust  noise  level  for  Model  K-250 
Air  compressors 

Such  noises  are  strong,  making  people  feel  pressure  on  their 
chests,  headacnes  and  facial  heating.  In  passing  nearby,  it  seems 


that  a  stream  of  air  enters  the  ear,  causing  aching  and  itching. 
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Another  example  is  boilers  of  medium  pressures  (30  atmos¬ 
pheres).  At  1  m  from  the  exhaust  outlet,  exhaust  steam  has  a 
noise  of  135-1^0  db(A).  For  high  pressure  boilers  (100  atmos¬ 
pheres)  it  reaches  1^0-150  db(A).  Therefore,  in  exhausting  steam 
from  high  pressure/large  volume  steam  boilers,  if  no  sound  sup¬ 
pression  is  used,  interference  at  different  degrees  can  reach  up 
to  several  kilometers:  For  instance,  students  can  not  hear  the 
orders  of  gym  teachers  in  schools,  some  patients  in  hospitals 
will  shiver  such  that  nurses  can  not  give  them  shots,  and  few 
people  will  not  be  woken  up  from  sleep. 

Jet  noise  increases  with  increasing  flow  rate.  For  medium 
and  small  blowers  (wind  volume  at  approximately  1000  m  /min) , 
when  being  exhausted,  noise  of  l-’O  db(A)  is  produced  near  the 
exhaust  outlet.  For  large  blowers  (such  as  Model  K-4250  blowers 
with  wind  volume  at  4250  m^/min)  the  noise  can  reach  as  high  as 
130-140  db(A).  Table  2.3  snows  toe  variation  of  noise,  caused 
by  exhausting  a  model  K-4250  blower,  with  flow  rate. 

Table  2.3  Exhaust  noise  from  a  Model  K-4250  blower 


a . 

b. 

c . 

d. 

e  . 

f . 


h. 


wind  volume  (m^/min) 
1  m  from  exhaust 
outlet 

near  the  exhaust 

outlet 

db 

remarks 
wind  pressure 
1.2  kg/cm*’ 
wind  pressure 
l.b  kg/cm 
m'’/min . 
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Large-scale  blowers  have  high  intensity,  broad  spectral 
exhaust  noise,  overshadowing  other  sounds  in  their  surroundings 
(such  as  conversations,  broadcasting,  automobiles,  and  trains' 
traffic  signals  and  other  signals  for  dangerous  situations),  and 
make  people  feel  uncomfortable.  If  there  is  no  sound  reduction 
mechanism  when  large-scale  blowers  are  exhausted  in  a  certain 
factory,  the  whole  area  near  this  factory  and  up  to  several  kilo¬ 
meters  away  will  lose  its  quietness. 

Noise  from  jet  airplanes  is  well  known  to  people.  For 
instance,  the  noise  as  measured  under  an  jet  airplane  is  135- 
150  db(A).  At  a  distance  of  25  m  away,  the  noise  is  still  as 
high  as  120  db(A).  Therefore,  jet  airplanes  not  only  affect  the 
ground  crew's  health,  but  also  disturb  the  normal  worKing  and 
resting  of  residents  along  their  flying  courses. 

In  terms  of  sound  source  characteristics,  jet  noise  belongs 
to  quadrupole  sources.  For  quadrupole  sources,  Lquation  (2.^) 
can  be  simplified  to 


dr.dxr 


(2.21) 


where  p -  gas  density,  c^ -  sound  velocity  in  a  static  medium: 

Tj ^ -  compressive  stress  tensor  at  any  point  in  space. 

Compressive  stress  tensor  T.  is  mainly  determined  by  the 

^  J 

kinetic  energy  flux  tensor  .  The  cliatige  in  kinetic  energy 

flux  is  balanced  by  action  forces.  In  pure  air  streams,  the 
change  in  action  force  is  due  to  the  change  in  pressure.  Higher 
pressure  causes  higher  density,  yielding  the  source  of  noise. 
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For  far  fields,  i.e., 


at  distances  much  greater  tlian  the 


sound  source  dimensions  and  the  sound  wavelengths,  Equation  (2.21) 
has  the  solution  (in  terms  of  sound  power)  as 


(2.22) 


where  V -  jet  fluid  volume;  S -  area  enclosing  the  jet  stream. 

Equation  (2.11)  can  be  more  directly  expressed  as 


nr  a  V  ry _ 1 

^  ^  /u/-’  T  V* 

^0.6  ^  +  0.4  j 

(2.23) 

where  Pc,po - density  of  the  jet  stream  and  the  surrounding 

medium;  T^,Ty -  absolute  temperature  of  the  jet  stream  and  the 

surrounding  medium;  -  jet  stream  velocity;  D -  diameter  of 

ttie  exhaust  opening;  K - proportionality  constant. 

It  can  be  seen  that,  the  sound  power  of  jet  noise  is  pro¬ 
portional  to  the  eighth  power  of  the  jet  stream  velocity.  This 
is  the  famous  eighth-power  theorem.  in  the  meantime,  the  sound 
power  of  jet  noise  is  also  related  to  factors  such  as  the  dia¬ 
meter  of  exhaust  opening,  the  gas  density,  temperature  of  the 
medium,  etc.  With 


_ i _ 

('0.6— •  + 0.4 


/  .  I  »  J  I.  \ 


Oil 


a.  core 

b.  turbulent  area 

Figure  2.lo  Flow  pattern  of  jet  streams 
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Figure  2.17  shows  the  relationship  between  the  variation 
of  the  sound  power  radiated  from  a  given  portion  of  the  jet  stream 
and  the  distance  X  of  that  portion  from  the  exhaust  opening,  i.e., 
the  relationship  between  and  x/D.  In  the  initial  sec¬ 

tion  covering  a  distance  from  the  exhaust  opening  equal  to  5  times 
the  diameter  of  the  opening,  the  noise  sound  power  of  a  unit  volume 
comprises  more  tlian  one-half  of  the  total  jet  stream's  sound  power. 
Furthermore,  the  unit  volume  radiation  has  a  noise  sound  power 
independent  of  the  distance  of  this  unit  volume  from  the  exhaust 
opening.  In  the  main  body  section  further  away  from  the  exhaust 
opening,  radiated  sound  power  of  the  jet  stream's  unit  volume 
decreases  drastically  in  seventh  power  with  increasing  distance 
from  the  exhaust  opening.  Therefore,  jet  noise  is  caused  mainly 
by  the  Jet  section  within  a  distance  from  the  jet  opening  b  times 
tile  diameter  of  the  opening.  This  point  has  an  important  meaning 
in  jet  noise  control.  Currently  for  jet  airislanes,  noise  control 
is  indeed  made  within  a  distance  from  the  jet  opening  6  times  t'ue 
diameter  of  the  opening.  The  noise  is  greatly  reduced. 


Figure  2.17  Radiated  noise  sound  power  from  jet  streams 
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Jet  noise  has  a  broad  continuous  frequency  spectrum.  Also, 
at  different  observation  positions,  the  frequency  spectra  are 
very  different.  As  can  be  seen  from  Figure  2.18,  jet  streams 
near  the  jet  opening  radiate  mainly  high  frequency  noise.  since 
the  pressure  is  high  and  flow  rate  is  high,  the  radiated  noise 
sound  levels  are  rather  large.  When  the  distance  from  the  Jet 
opening  increases,  the  low  frequency  components  gradually  increase. 

The  relationships  between  the  third-octave  frequency  band 


of  jet  noise  and  D,  ,  sh  are  [15]: 


sh  = 


(2.^5) 


0 

X/D  <  sh  = 

1  Q  1*^0 

X/D  ^4,  sh  =  (4^) 


(2.2b) 

(2.27) 


The  strength  of  jet  noise  is  also  different  at  different 
directions.  As  shown  in  Figure  2.19,  the  maximum  radiation  occurs 
within  <P  =  30  ,  w'hich  is  the  angle  with  the  jet  stream  axis. 


Figure  2.1s  Comparisons  of  noise  sound  levels  and 
frequency  spectra  at  different  parts  of  jet  streams 
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Figure  2.19  Direetiotial  characteristics  of  jet  noise 


D  =  SO  mm;  5  ™  from  jet  opening;  =  2bU  in/s 

1.  50  Uz;  2.  100  ilz;  5.  -00  Hz;  k.  400  Hz;  5.  ^00  Hz: 
b.  IbOO  Hz;  7.  3-00  Hz;  o.  o4o0  Hz;  9.  Total  sound 
pressure  level 


For  far  sound  fields,  using  Lquation  (2.17) 
one  can  calculate  the  noise  sound  pressure  level 
r  from  the  jet  opening  and  an  ingle 


and  Figure  2.20 

L  at  a  distance 
P 


L  =10  1 0  e  V-  •  — — rr  +  10  1  o  tr,  J) 
p  1y  ,  2  - 

o  4^r 

=  L^  -  20  log  r-0  +  (l  +  b)  10  log<<>,  12.2b) 

where  d  =  11  db  in  sptierical  radiation;  =  b  db  in  semi-spherical 
radiation;  b  =  0.5  (T^-  T^)/T^. 


Figure  2.20  Abstract  directional  cna rac ter i s t ic s  of 
jet  noise 


i 

For  near  sound  fields,  at  distances  smaller  than  one  diameter 
from  the  edges  and  larger  than  two  diameters  from  the  jet  opening, 
noise  sound  pressure  level  can  be  determined  from  the  following 
equation: 

where  n,  -  pressure  drop  at  the  jet  opening;  » -  distance  from 

the  edge  of  the  jet  (choosing  opening  angle  2a  =  20*^)  . 

Frequency  can  be  calculated  from  the  following  equation: 


/ 


^0 

-  1.9* 


(2.30) 


Figure  2.21  shows  the  directional  characteristics  of  jet 
airplanes . 

Figures  2.22-2.24  are  exhaust  noise  frequency  spectra  for, 

respectively,  model  K-250  air  compressors,  model  K-4230  blower 

2 

relieve  valves,  medium  pressure  (51  kg/cui  )  steam  boilers.  it 
can  also  be  seen  that,  near  such  jet  noise  sources,  noises  are 
obviously  of  tlie  high  frequency  types.  However,  even  the  low- 
frequency  components  also  reach  quite  high  levels.  ’.yithin  some 
ten  meters  from  the  exhaust  outlet,  there  is  still  basically 
high  freiiuency  sound  wliich  irritates,  hearing.  Further  out  tiie 
low  frequency  sound  then  dominates. 
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(a)  Equi-noise-sound- 
level  curves  (axial 
distance  (m))  for  jet 
airplanes 


.f'*' 

0  4  9  U  i6  :0  :<  28  n  38  40 

(b)  Near  sound  field  of  jet 
airplanes 

I -  perpendicular  dis¬ 

tance  from  jet 
opening  ( m ) ; 

II —  distance  from  the 
Jet  opening  along 
the  axis  (m) 


Figure  2.21 


a.  m ^/minute 

b.  Frequency  (EIz) 

c.  Sound  pressure 
level  (db) 


Figure  2.22  Exhaust  noise  frequency  spectra  (under 
different  pressures)  for  model  K-250 


air  compressors 

Test  point  M:  1  m  from  exhaust  opening,  sideway; 

Test  point  N:  0,2  m  from  exhaust  opening,  direct  below; 

(1)  - pressure  0.2a  Ta  ,  flow  volume  257  m'^  'min; 

(2)  - pressure  la  Ta ,  flow  volume  235  m^/min; 

(3)  - pressure  2a  Ta  ,  flow  volume  255.9  m^/'min; 

(If) - pressure  Ta  ,  flow  volume  227  m^/min; 

(5) - pressure  ba  Ta  ,  flow  volume  215  m'*/min; 

(b) - pressure  b .  5a  Ta  ,  flow  volume  205  m-^/^min; 
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a.  octave-baad  sound 


pressure  level  (db) 
frequency  (Hz) 


!  I  I  i 


i  !  ! 


^  a  125  250  2k  4  k  8k 

b 

Figure  2.23  Noise  frequency  spectra  for  the  exhaust 
valves  of  model  K-4250  blowers 

1.  complete  exhaust  test  point 

2.  small-volume  exhaust  0.5  tn  from  the  exhaust 
valve 


a.  sound  pressure 
level  (db) 


frequency  (Hz) 


40  80  ;r*o  000  4 


Figure  2.24  Comjilete  exhaust  noise  frequency  spectra 

r) 

for  medium  pressure  (51  kg/cin*')  steam 
boilers 


Test  point:  1  m  from  the  exhaust  opening 


^2.^  Periodic  Exhaust  N'oise 


Generators  and  other  aerodynamic  machinery,  which  exhaust 

gases  periodically,  produce  strong  noise.  The  latter  seriously 

disturbs  the  quietness  of  city  streets  and  industrial  areas.  For 

instance,  typical  internal  combustion  engines,  at  0.5  -  1  m  from 

/  0  , 

the  exhaust  opening  (45  direction),  produce  noise  with  sound 
levels  at  90-120  db  (a) .  Some  internal  combustion  engines  produce 
noise  higher  than  130-140  db.  Automobiles,  tractors,  and  motor¬ 
cycles  with  such  generators  will  produce  noise  with  sound  levels 
at  75-90  db  (a)  when  moving  on  streets.  If  internal  combustion 
engines  are  used  in  city  engineering  processes  (e.g.,  well  drill¬ 
ing,  electrical  generation,  etc.)  or  on  trains,  since  the  power 
and  rotating  speed  are  both  high,  noise  above  100  db  will  be 
produced  in  the  neighboring  areas.  Such  noise  is  mud)  higher 
than  that  allowed  under  ambient  noise  standards,  and  will  clearly 
affect  the  work  and  rest  of  a  large  population.  In  several  coun¬ 
tries,  to  avoid  the  city  noise  interference,  there  are  window¬ 
less  dormitories  and  windowless  schools.  Lighting  and  air- 
changes  are  all  provided  by  electrical  lighting  and  air-condi¬ 
tioners  . 

Periodic  exhaust  noise  is  caused  mainly  by  the  fluctuations 
of  gas  pressures.  In  terms  of  sound  source  characteristics,  it 
is  close  to  single  source,  as  stated  before,  a  single  source  is 
like  a  vibrating  sphere  which  expands  and  contracts  evenly.  The 
periodic  pressure  fluctuations  cause  the  surrounding  medium  to 
oscillate  periodically  in  density,  thus  producing  noise. 
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For  a  single  source,  the  solution  of  Equation  (2.4)  is 


p 


1»  -T\  JV  ^ 
<•  |x  — yl/’ 


(^.31) 


where  y -  the  coordinate  of  the  fluid  unit  dV  under  considera¬ 
tion;  z -  coordinate  of  the  test  point  in  a  far  sound  field. 

In  a  far  sound  field,  Iz  — yl*s»|zl.  Equation  (2.31)  can 
be  simplified  to 


(2.32) 

In  a  far  sound  field,  the  relationship  between  the  sound 
power  of  single  source  radiation  and  the  density  p  is 


Po 


where  r  is  very  large. 


cir 


(^.35) 

(^.34) 


4  ^ 

where  - oscillation  frequency,  appro  .xi  ma  te  1  y  equal  to 

v/l  (v  is  velocity,  L  is  the  relevant  length). 

by  substituting  Equation  (2.54)  into  Eiiuation  (2.33),  Equa¬ 
tion  (2.7)  can  be  obtained  to  relate  the  sound  power  V  to  density 
p  ,  flow  velocity  v,  length  L,  and  sound  velocity  c. 


i 

I 


1 


2.4.1  Exhaust  noise  from  internal  combustion  engines 

We  will  now  study  in  detail  the  relationship  between  tiie 
periodic  exhaust  noise  of  internal  combustion  engines  and  the 
parameters . 
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■  »■ 


a.  sound  pressure  level 
(db) 

b.  exhaust  volume  (cc) 

c.  axial  horsepower 
c.  torque  (kg.m) 


Figure  2.25  Relationship  between  the  exhaust  noise 
from  automobile  engines  and  the  exhaust 
volume,  axial  horsepower,  and  torque 
(oO^i  of  specified  speed) 

Vc  know  that  the  combustion  of  gasoline  or  diesel  fuel 
inside  a  cylinder  produces  very  high  pressure.  When  the  exhaust 
valve  is  open,  violent  pressure  fluctuation  will  occur,  leading 
to  the  formation  of  exhaust  noise.  The  sound  power  of  engine 
exiiaust  noise  depends  mainly  on  the  power  (axial  horsepower)  of 
the  engine,  exhaust  volume  (or  the  cylinder  volume),  torque. 
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average  effective  pressure  inside  cylinder,  area  of  the  exhaust 
opening,  rotating  speed,  etc. 


a . 

b. 


sound  pressure  level  (db) 
actual  average  effective 
pressure  x  area  of  ex¬ 
haust  opening  (kg) 


Figure  2.2b  Automobile  gasoline  engine  and  diesel 
engine;  Relationship  between  the  exhaust  noise  and 
the  actual  average  effective  pressure  times  tl;e  area 
of  exhaust  opening  (bOfj  of  specified  rotating  speed) 


a.  sound  pressure  level  (db) 

b.  actual  average  effective 
pressure  x  area  of  ex¬ 
haust  opening  (kg) 


Figure  2.27  Two-stroke  and  four-stroke  automobile 
engine:  Relationship  between  exhaust  noise  and 

actual  average  effective  pressure  times  the  area  of 
exhaust  opening 


Figure  2.25  -  2.27  [16]  are,  respective!  V',  relationships 
between  the  autjmobile  engine  exhaust  noise  and  ttie  exiiaust 
volume,  axial  horsepower,  and  torque,  and  relationships  between 
ttie  automobile  engine  exhaust  noise  and  the  actual  average 


effective  pressure  times  the  area  of  exhaust  opening  (test  point 


at  45  and  a  distance  of  0.5  m  from  the  exhaust  opening).  In 
the  Figures  A  refers  to  air  cooling;  the  symbol  without  a  letter 
refers  to  water  cooling;  o  is  for  a  2-stroke  gasoline  engine; 

•  is  for  a  4-stroke  gasoline  engine;  B  is  for  a  2-stroke  diesel 
engine;  and  ■  is  for  a  4-stroke  diesel  engine. 


Figure  2.2S  Engines  used  in  industry  and  agriculture: 
Relationship  between  the  exliaust  noise  and  tlie  exhaust 
volume,  axial  horsepower,  ton-ue,  and  actual  average 
effective  pressure  times  area  of  exhaust  opening 

a.  sound  pressure  level  (db),  b.  exhaust  volume  co , 
c.  axial  horsepower,  d.  torque  (kg*ra),  e.  actual  average 
efft.'ctive  pressure’  x  area  of  exhaust  opening  (kg) 


Figure  2.2S-2.30  are  respectively,  the  relationships  between 
the  engineering  and  agricultural  engines'  exhaust  noises  and  ttie 
exhaust  volume,  the  axial  horsepower,  and  torque;  the  relation¬ 
ships  between  the  engines'  exhaust  noises  and  the  actual  average 
effective  pressure  times  the  area  of  the  exhaust  opening;  and 
the  relationships  between  the  sound  power  levels  of  the  engines' 
exhaust  noises  and  the  engines'  rotating  speed  and  actual  average 
effective  pressure  (same  testing  points  as  before).  Symbols  with 
A  refer  to  air  cooling;  symbols  without  a  letter  refer  to  water 
cooling. ®  is  for  2-stroke  gasoline  engines,  (J) is  for  4-stroke  gasoline  engines, 
0  is  for  2-stroke  diesel  engines,  and  S  is  for  4-stroke  diesel  engines. 


a . 

b . 


sound  pressure  level  (db) 
actual  average  effective 
pressure  x  area  of  exhaust 
opening  (kg) 

Figure  2.29  Comparisons 
air-cooling  ^-stroke 
and  agriculture. 


between  water-cooling  and 


used  in  engineering 


a.  exhaust  gas  sound  power 
level  (db) 

b.  number  of  rotations  of  the 
engine  (rpm) 

c.  kg/cm^" 


Figure  2.30  Lxhaust  noises'  sound  power  level  with 
a  constant  actual  average  effective  pressure 


103 


It  can  be  seen  that  engine  exhaust  noises  increase  with 
increasing  exhaust  volume,  axial  horsepower,  torque,  and  the 
cylinder's  actual  average  effective  pressure  times  the  area  of 
the  exhaust  opening.  When  the  actual  average  effective  pressure 
is  small,  the  exhaust  noises  increase  rapidly  with  increasing 
engine  rotating  speed.  However,  with  increasing  actual  average 
effective  pressure,  the  effect  of  rotating  speed  gradually  drops. 
Therefore,  the  exhaust  noises  are  greatly  affected  by  the  cylinder's 
actual  average  effective  pressure. 

When  the  rating  of  engines  increases,  the  amplitude  variation 
of  the  noises  from  engines  of  the  same  kind  is  between  10-18  db. 

For  example,  the  Chinese  model  4115  T  internal  combustion 
engines  widely  used  in  tractors,  electrical  productions,  irri¬ 
gation,  automobiles  and  city  constructions  have  total  sound  pres¬ 
sure  levels  increased  from  111  db  to  123  db  and  A-sound  levels 
from  10b  db  to  118  db,  when  they  change  from  idling  rotation  to 
35  horsepower,  (see  Table  2.4  and  Figure  2.31) 

Table  2,4  Noises  from  model  4115  T  internal 
combustion  engines 


(at  45'^, 

0.5  m 

away 

from  the  exhaust  openi 

ng) 

Condition 

Total 

sound 

pressure  .A-sound 

level 

1  evel 

(db) 

(db) 

idling 

111 

lOu 

10  horsepower 

115 

10b 

22  horsepower 

117 

112 

55  horsepower 

125 

lib 

109 


a.  octave-band  sound 
pressure  level  (db) 

b.  frequency  (Hz) 


Aoc  -4  — 


•>3  250  Ik  4  k 

31.S  125  8k 

1>  , 


Figure  2.31  Frequency  spectrum  of  exhaust  noises  from 
model  4115T  internal  combustion  engines 
1.  idling;  2.  10  horsepower;  3.  22  horsepower; 

4.  55  horsepower 

0 

Testing  point:  at  45  ,  0.5  m  from  the  exhaust  opening 
Another  example  is  the  Chinese  model  BJ212  gasoline  engines 
(75  horsepower).  From  500  rpm  and  0.5  kg/cm‘'  to  5800  rpm  and 

o 

4.5  kg/cm*’,  the  total  sound  pressure  level  changes  from  110  db 
to  12S  db,  and  A-sound  level  from  105  db  to  122  db  (see  Table  2. 

Table  2.5  Noises  from  model  UJ212  gasoline  engines 
(at  45^^,  0.5  m  from  the  exhaust  opening) 


Condition 

total  sound  pressure 
level  (db) 

A-sound 

1  evel 

(db(A)) 

2 

500  rpm,  0.5  kg/cm 

105 

110 

o 

1000  rpm,  1.75  kg/cm" 

111 

119 

2000  rpm,  2.75-3»75  kg/cm** 

119 

12  5 

3800  rpm,  4.5  kg/cm^ 

122 

126 

The  literature  gives  several  quantitative  formulas  for  the 
engines'  noises.  They  are  given  below: 


Following  T.  Priede[17]; 

4-stroke,  diesel  engines,  without  increased  pressure: 

L,  =  30  log  N  +  50  log  B  -  31-5  (db);  (2.35) 

4-stroke,  diesel  engines,  with  increased  pressure: 

L.  =  40  log  N  +  50  log  B  -  bb.5  (db);  (2.3b) 

A 

2-stroke,  diesel  engines: 

L,  =  40  log  N  +  50  log  B  -  54.5  (db).  (2.37) 

A 

Gasoline  engines  [18]: 

=  50  log  N  +  K  (db),  (2.38) 

where  L.  -  noise  level  of  engines,  db(A);  N  -  rotating  speed 

A 

of  engines,  rpm;  B  -  cylinder  diameter  (or  radius  ),  inches; 

K  -  constant. 

The  above  equations  refer  to  the  values  corresponding  to 

the  engines  at  maximum  power,  and  at  0.9  m  from  the  engines. 

Soroka  and  Chien  [  19]  made  a  study  and  analysis  on  diesel 
engines  with  100-660  mm  stroke  length  and  250-3000  rpm.  They 
obtained  the  following  equation  at  1  ra  from  the  engines, 

La  =  b9  +  30  log  Ojjj  +  5  log  S  +  5  log  z  (db),  (2.39) 

where  - average  velocity  of  piston,  m/s:  s - stroke  length; 

Z  -  number  of  cylinders. 

Cimac  [20]  investigated  4-stroke  diesel  engines  with  lO-BOOO 
horsepower  and  200  rpm.  At  1  m  from  the  engines, 

=  10  log  (n^/n^)  +  5.5  log 

-  30  log  (n^^./n)  +  55  (db),  (2.40) 
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where  n^, - specified  number  of  rotations,  rpm;  n - working 

number  of  rotations,  rpm;  - specified  power,  horsepower; 

-  1  horsepower;  n^  -  1  rpm. 

Based  on  the  noise  measurement  data  for  Chinese  model  4115T 

and  4115L  high  speed,  medium  size  diesel  engines,  the  relationship 

between  the  noise  level  L.  and  the  power  level  N  of  the  engines 

A  o 

can  be  expressed  by  the  empirical  equation: 

=  a  +  13.5  log  (2.^1) 

where  for  model  ‘j115T  diesel  engines,  a  =  9^.5  db  (IO-55  horsepower); 
for  model  4115L  diesel  engines,  a  =  97.5  db  (lu-05  horsepower); 
testing  point  at  ^5°  and  0.5  “  from  the  exhaust  opening  of  the 
engines . 

Ttie  frequency  spectrum  of  engine  exhaust  noises  can  be 
calculated  following  Lquation  (2.42): 

60r 

where  i  =  1,2,5,  ...  -  harmonic  wave  index;  n  -  number  of 

rotations  of  the  engine's  main  axis,  rj)m;  Z - number  of  cylin¬ 
ders;  r - stroke  coefficient  (for  2-stroke  engines,  r=  1:  for 

4-stroke  engines,  r  =  2), 

Figure  2.32  and  2.33  are  the  noise  frequency  spectra 
(third  octave  band)  of,  respectively,  the  model  411H  4-cylinder 
engines  and  the  1500-horsepower  diesel  engines. 
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a 


third  octave  band 
sound  pressure  level 
(db) 


b . 


frequency  (Uz) 


Figure  2 

.  32'  No 

ise  frequency 

spec  trum 

of  1 

•I  AT 

model 

411R 

4 -cylinder  engines 

N  =  2.0 

horsepower, 

n 

=  2000 

rpm 

( no 

load )  ; 

N  =  5  3  • 

3  horsepower, 

n 

=  23^0 

rpra 

( no 

rraa  1 )  ; 

N  =  39 

horsepower, 

n 

=  2300 

rpm 

(fu 

11  load); 

N  =  33. 

2  horsepower. 

n 

=  1910 

rpm 

(ov 

er  load) 

a . 


b  . 
c  . 


third  octave  band  sound 
pressure  level  (db) 
db 

frequency  (Hz) 


ure  2.33  Noise  frequency  spectrum  of  1 30U-ho rsepover 
diesel  engines. 

testing  j)oint:  at  ^5  and  1  ni  from  the  exhaust  oj'etiiug 


Using 
stroke , 


the  model  ^IIH  engine  as  an  exaaiple, 
Z  =  4  a  nd  r  =  L’ ; 


with  ^  cylinders. 
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At  ao  load  cotiditiuns,  n  =  2b00  rpiu,  =  b7,  fr,  =  17^, 
f,  =  201,  =  346,  . 

At  normal  working  conditions,  n  =  2340  rpm,  =  76,  f.,  =  150, 
f_  =  234,  =  312 . 

At  full  load  conditions,  n  =  2300  ipm,  =  77,  f.^  =  154, 
f_  =  231,  f^  =  306 . 

At  over  load  conditions,  n  =  1910  rpm,  =  o4,  f,,  =  12b, 
f,  =  192,  =  250,  . 

The  measurements  are  made  with  a  third-octave  band  analyxer. 
Therefore,  at  no  load,  normal  working  and  full  load  conditions, 
peak  values  all  show  up  at  SO,  loO,  250,  and  320  Hz.  At  over  load 
conditions,  the  peak  values  occur  at  o3,  123,  200,  and  230  Hz. 

Internal  combustion  engines'  exhaust  noises  have  clearly  low 
I'reiiuency  characteristics  in  their  spectrum,  but  the  medium  and 
high  frequency  noises  also  reach  certain  levels.  The  medium 
frequency  noises  are  induced  by  the  higtier  liarmonic  waves  of  the 
fundamental  frequency,  and  the  high  frequency  noises  are  caused 
bv  the  eddy  current  noises  induced  at  the  exhaust,  combustion 
inside  the  cylinders,  explosion  sound,  as  well  as  the  impact, 
vibrating  parts  and  self-vibration  of  the  pipe  walls. 

2.4.2  Noises  of  the  volume-type  compressors  and  blowers 

Volume-tyjie  compressors  and  blowers  (e.g.,  jiisto  n-t\ j>e  com¬ 
pressors,  threaded  rod  compressors,  Rotz  blowers)  have  noises 
elonging  to  the  periodic  exhaust  noise  category.  The  meciianisin 
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of  their  aoise  production  is  more  or  less  the  same  as  those  in 
internal  combustion  engines.  Among  them,  the  Rotz  blowers  and 
the  threaded  rod  compressors  have  noise  as  high  as  110-1^0  db(A). 
Near  them, one  will  feel  pressure  in  the  chest,  headaches,  dizziness, 
facial  heating,  and  whole-body  powerlessness.  They  not  only  attect 
the  working  condition  of  machine  rooms,  but  also  cause  relatively 
large  interference  for  the  surrounding  offices,  dormitories,  schools, 
and  streets. 

Rotz  blowers  are  one  kind  of  volume-type  gas  compressors. 

They  move  gases  through  the  rotation  of  a  pair  of  kidney-sliaped 
gears  perpendicular  and  tightly  fitted  to  each  other.  The  gas  flow 
rate  is  constant.  The  pressure  can  be  adjusted  within  a  specified 
range  according  to  the  application  recjuirement . 

When  the  Rotz  blowers  are  used,  the  two  gears  rotate  relative 
to  each  other,  periodically  compressing  the  air,  leading  to  the 
fluctuation  of  the  surrounding  air's  pressure.  Periodic  exhaust 
noise  is  thus  produced.  In  the  meantime,  when  the  gears  rotate, 
the  surface  forms  eddy  currents.  These  eddy  currents  also  produce 
eddy  current  noises  when  they  break  up  at  the  gears'  surface.  In 
general,  the  periodic  exhaust  noise  is  the  main  component  of 
the  PtOtz  blowers. 

The  noise  strength  of  Rotz  blowers  is  related  to  the  flow 
rate,  rotating  speed  and  pressure.  The  noise  is  stronger  if  the 
flow  rate  is  higher,  the  rotation  is  foster  and  Tl)e  pressure  is 
higher.  In  general,  for  a  given  rotating  sjieed  and  pressure,  the 
noise  increases  by  t?  db(A)  when  the  flow  rate  doubles.  The  noise 
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increases  by  3-^  db(A)  when  the  pressure  increases  by  1000  mm 
water  column.  When  the  rotating  speed  is  doubled,  the  noise 
increases  by  b-10  db(A).  Table  2  .b  shows  the  experimental  values 
of  noises  from  several  Chinese-made  Rotz  blowers.  Table  2.7  lists 
the  experimental  values  of  noises  from  LGA-SO-5000  Rotz  blowers 
under  different  pressure  conditions.  From  these  tables  we  can  see 
the  relationship  mentioned  above. 

Table  2.b  Experimental  values  of  noise  from  several 
Chinese-made  Rotz  blowers 

(testing  point:  1  m  from  the  inlet  along  the  axial 
direction) 


a.  model  number 

b.  flow  rate  (m^/min) 

c.  rotating  speed  (rpm) 

d.  pressure  (mm  water 
c  j lumn) 

e.  noise  level  (db(A)) 

f.  production  location 

g.  Chang-Sha 

li .  Shiang-hai 

i .  W  u -Ha  n 

j .  Tien-Jing 


c . 
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Table  2.7  Experimental  values  of  noises  from  LGA-sO- 

5000  Rotz  blowers  under  different  pressure  conditions 
(testing  point:  1  m  from  the  inlet  along  the  axial 
direction) 


a.  pressure  (mm  water 
CO lumn) 

b.  noise  level  (db(A)) 

c .  no  load 


ti  (s  ^ 


Fi<^ure  2.3^  shows  the  noise  frequency  spectra  of  several 


Rotz  blowers. 


a.  octave-band  sound 
pressure  level  (db) 
■).  model  number  of 


wind  generators 


-  I  I  \  ,  i  : 


_ _ 

;  v-v<;  \j 


C.  frequency  (Hz) 


r 


Rotz  blowers  produce  noises  with  broad  continuous  spectra, 
having  peak  values  at  low  and  medium  frequency  bands.  When  the 
pressure  is  relatively  low,  i.e.,  when  the  load  is  small,  the 
peak  value  often  occurs  at  the  octave-band  with  125  IIz.  Wlien 
the  pressure  rises  to  specified  values,  a  peak  value  in  the  octave- 
band  with  medium  frequency  of  500  Hz  will  also  appear.  This  in¬ 
dicates  that,  along  with  increasing  working  pressure,  there  is  a 
tendency  for  the  noise  to  increase  at  medium  and  higli  frequencies. 


2.'j.3  Jackhammer's  exhaust  noise  and  the  steam-siren's  noise 

Xoises  from  the  jackhammer's  exhaust  and  the  steam-siren 
also  belong  to  periodic  exhaust  noises. 

For  example,  for  the  Chinese-made  model  OI3O  jackhammers 
with  pulse  frequency  of  1800  per  minute,  there  are  two  exhausts 
for  every  piston  impact.  Therefore,  the  peak  values  should  occur 
at  00  Hz  and  120  hz .  By  placing  a  microphone  in  the  exhaust  stream, 
the  peak  values  are  found  to  occur  just  at  u5  Hz  and  125  Jiz,  using 
a  tiiird-oc tave  band  frequency  spectrometer  (see  Figure  2.55). 
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Figure  2.35  Exhaust  noise  frequency  spectrum  fur  jackhammers 
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Another  example  is  the  steam-siren.  The  fundamental  fre¬ 
quency  is  equal  to  the  number  of  times  in  a  unit  time  to  let 
exhaust  into  the  atmosphere.  With  z  as  the  number  of  holes  on 
the  rotating  disk  of  the  siren,  n  being  the  number  of  rotations 
(rpm),  then  the  steam-siren  has  peak  values  at 

f^  =  nz/bO.  (2.^3) 

^2.5  other  aerodynamic  noises 

2.5.1  Flying  noises 

In  recent  years  supersonic  flight  has  been  developed  very- 
fast.  Jet  airplanes,  rockets,  space-ships,  ....  have  more  and 
more  power,  and  larger  and  larger  velocities.  Strong  noise  is 
therefore  produced.  For  instance,  the  sound  power  level  can 
reach  loO  db  for  turbo-jet  airplanes  having  back  combustion  eijuip- 
raent.  The  sound  power  reaches  10,000  watt.  For  Jet  air];lanes 
the  sound  power  level  reaches  as  high  as  170  db  and  the  sound 
power  reaches  100,000  watt.  For  space-ships  the  sound  power 
level  even  reaches  150-195  db,  and  the  sound  power  roaches  several 
million  or  tens  of  million  watt.  Table  2.  5  [22]  gives  the  results 

from  a  19o4  study  at  a  Japanese  air  base  on  the  airplane  landing 
noises.  The  base  has  mainly  airplanes  of  the  following  models: 
F-105,  F-102,  F-lOO,  B-^7,  B-52,  B-57,  T-35,  T-39,  KC-JO,  0-97. 
C-12^,  C-130,  C-133,  0-135,  S-35,  li-^5.  and  Boeing-707.  These 
airplanes  produced  ground  noise  as  high  as  sj-loy  db,  obviously 
causing  serious  interference  for  the  environment. 
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Table  2,^  19o^  airbase  noise  measurements  (airplane 

landing) 

(bOO  m  from  the  run-way) 

C .  d.  e.  f 


a.  month 

b .  day 

c.  db  (highest 
sound ) 

d.  Total  value 

e.  7am  to  upm 
( dayt ime ) 

f.  7pm  to  oam 

( night  L ime ) 

g.  db 

h.  and  higher 
i  .  times 


Another  example  is  tlie  Los  Angeles  Interna  tionn  1  Airport  in 
the  United  States.  During  the  2k  hours  every  day,  there  is  one 
jet  airj'lane  taking-off  or  landing  for  about  every  two  minutes. 
There  are  five  elementary  schools  under  the  fligtit  path.  V.hen 
the  airplanes  pass  over,  the  noise  inside  <•  1  a  s  s  ro  /ms  can  reacl) 
as  liigh  as  “?o-y<o  db.  The  outdoor  noises  are  loo-ljt)  db,  seriiusly 
affecting  the  classes. 
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Table  2.9  lists  the  equi-effect  perception  noise  J»'/9l  tPN’L 


values  for  several  airplanes'  take-off  and  landing.  It  can  be 
seen  that  the  airplanes  have  rather  higti  noises. 


Table  2.9  EPN"L  values  [3,23]  of  several  airplanes' 
noises 


a.  airplane  model 

b.  tPNL  values(db)  for 
take-off  noise 

c.  LPNL  values  (db)  for 
landing  noise 

d.  without  treatment 

e.  sound  suppression  at 
the  jet  opening 

f.  sound  suppression  for 
the  whole  airplane  body 

g.  boeing 

ii .  Trident 


i.  Concorde 


J  .  Tu 
k.  Ilys 


At  this  time  the  supersonic  airj)lane  flight  noises  are  the 
world's  strongest  noise  sources.  Along  the  flight  path  of  super¬ 
sonic  airplanes,  thousands  and  ten-thousands  of  residents  are  dis¬ 
turbed  seriously,  un  January  29,  19t>2,  for  exami)le,  three  I'.S. 


military  airplanes  passed  through  a  Japanese  city  with  highest 
speed  at  low  elevation.  Window  glass  of  many  residential  houses 
was  shattered  and  fluorescent  light  tubes  fell  down,  causing  great 
damage.  Another  example  occurred  in  1970  at  a  city  and  surrounding 
villages  in  Germany.  Due  to  the  very  strong  supersonic  boom, 
several  hundred  cases  of  damage  were  reported.  Most  of  them 
involved  shattered  glass,  raised  roofs,  and  damaged  doors. 

There  have  been  extensive  discussions  concerning  the  noise 
from  the  Concorde  airplanes.  To  have  some  handle  on  their  effect, 
Lngland  made  eleven  supersonic  flights  in  19t)7,  with  a  total  of 
50-million  people  affected.  This  resulted  in  12,000  cases  of 
complaint,  78B  cases  of  lawsuits,  and  a  large  sum  of  payment  for 
damages.  Based  on  the  actual  testing,  when  the  Concorde  type  air¬ 
planes  take  off,  the  ground  noise  is  114  EP\  db.  I'or  DC-S,  Boeing 
707,  it  is  95  EPN  db.  Trident-I  has  9o  LI’N  db  (see  Table  2.9) 

Supersonic  flight  noise  not  only  disturbs  people,  it  also 

excites  the  chickens  and  dogs,  causes  milk  cows  to  stop 

producing  milk,  and  pigs,  horses,  and  cows  to  be  affected  in  their 

i^rowth . 

F’urtherraore ,  supersonic  flight  noise  can  also  cause  equip¬ 
ment  and  control  devices  to  have  sound  fatigue,  leading  to 
damage  in  structures  and  failure  in  controls. 

Supersonic  exhaust  noise  is  the  main  component  of  the 
noise  from  supersonic  jet  airjilanes  and  rockets.  Supersonic  jets 
produce  tremendous  shock  waves,  causing  the  pressure  and  tempera¬ 
ture  of  the  medium  to  rise  rapidly.  This  leads  to  large  disturbance 
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of  the  surrounding  air,  producing  strong  supersonic  jet  noises 


Figure  2.36  [24]  shows  the  sound  pressure  level  curves  for 
the  near-field  noises  of  the  turbo-jet  generators  and  JaTO  rockets. 
It  can  be  seen  that,  turbo-jet  generators  (jet  velocity  at  5b5  m/s) 
have  major  noises  coining  from  downstream  at  a  distance  equal  to 
six  times  the  diameter  of  the  jet  opening.  Beyond  10  times  the 
diameter  of  the  jet  opening  the  radiation  of  noise  is  small. 
Rockets  (jet  velocity  at  1600  m/s)  have  the  major  noises  coming 
from  the  mixing  zone  of  the  supersonic  core,  downstream  at  a 
distance  110-^0  times  the  jet  openings. 


1 
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Based  on  the  noise  data  for  rockets  and  jet  airplanes  one 
can  see  that,  with  increasing  jet  velocities,  the  sound  power  of 
noise  from  supersonic  exhaust  deviates  from  the  eighth-power  law. 
Instead,  it  is  proportional  to  the  tnird  power  of  the  velocity, 
as  shown  in  Figure  2.37  [2S].  in  terms  of  equation  it  becomes 

Po 

_2 

where  W  —  sound  power;  k  =  (0.5  -  1)  x  10  —  coefficient;  p,  p, 

—  medium  density  of  the  jet  stream  and  the  surroundings;  v  —  jet 
velocity;  D  —  diameter  of  the  jet  opening. 

a.  distance  along  the 
radial  direction 
(in  terms  of  the 
diameter  of  the 
jet  opening) 

b.  distance  along  the 
axial  direction 
(in  terms  of  the 
diameter  of  the 
jet  opening) 

Figure  2.30  Near-field  equi-sound  pressure  level  curves  for 
turbo-jet  engines  (upper)  and  JATu  rockets  (lower). 
Parameters  for  the  turbo-jet  engines:  thrust  kg,  jet 

velocity  ooj  ra/s,  pressure  ratio  2.2  at  the  jet  opening, 
diameter  of  the  jet  opening  being  O.joo  m. 
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Parameters  for  the  jaTu  rockets:  thrust  kg,  jet 

velocity  laOO  m/s,  pressure  ratio  00  at  the  jet  opening, 
diameter  of  the  jet  opening  being  0.0u7  m. 

1,  boundary  of  measurements;  2.  total  eddy  currents; 

3.  mixing  zone;  k.  core;  5.  supersonic  core; 

0.  exit  velocity 


a.  sound  power  (watt) 

b.  jet  engine 

c .  constant 

d.  rocket 

e.  model  jet 

f.  jet  engine  with 
pre-heating 
efju  ipraent 

g.  velocity  (m/s) 

Figure  2.57  Relationship  between  jet  velocity  and  the 

sound  power  of  noise  from  ^et  airi)lanes  and  rockets. 

Based  on  theories  and  a  large  number  of  experiments,  Lquation 
(2.kk)  is  applicable  in  the  range  with  ttie  Mach  number  w  >  :•  That 
is,  when  the  jet  velocity  is  above  twice  of  the  sound  velocity,  toe 
sound  power  of  noise  frooi  jet  extiaust  is  proportional  to  the  third 
power  of  the  velocity.  Lquation  (2.23)  is  api)licable  for  the  range 
with  M  =  0 . 3^  2  . 


tia  1  f  a lul  twice 


That  is,  when  the  jet  velocity  is  between  one- 
the  sound  velocity,  toe  sound  power  of  noise 


from  jet  exhaust  is  proportional  to  the  eighth  power  of  the 
velocity.  in  general,  jet  airplanes  fly  with  supersonic  velo¬ 
cities,  but  with  lower  velocities  in  taking-off  and  landing. 

When  airplanes  and  rockets  fly  with  supersonic  velocities, 

they  produce  a  strong  booming  sound,  w'hich  is  the  noise  caused 

by  the  shock  waves  from  bodies  with  supersonic  motions.  Sucli 

noise  has  the  N  wave  structure  .  The  boom  rises  in  a  time 

interval  of  0.01  second,  continues  for  0.1-0. 2  second  with  pres- 

,  2 

sure  increase  at  about  100  N/m  .  It  sounds  like  some  sudden 
explosion.  The  previously  mentioned  glass-shattering  and  roof¬ 
blowing  away,  etc.  are  indeed  caused  by  such  sonic  booms.  In 
these  days  supersonic  flight  becomes  more  and  more  popular. 

For  instance,  the  Russian-made  model  Tu-l^-'i  planes  have  a  flying 
velocity  of  2.55  Mach  (i.e.,  2.35  time  the  sound  speed  with  the 
sound  speed  at  1200  km/hour),  the  American-made  model  Boeing- 
2707  planes  with  2.9  Mach,  the  Lnglish-French-made  Concord 
planes  witti  2  Mach,  and  military  jilanes  with  maximum  velocities 
as  high  as  5  Mach.  Therefore,  the  sonic  boom  has  attracted  more 
and  more  attention  from  people. 

Figure  2.5b  shows  the  characteristics  of  tl)e  boom  sound 
pressure  wave  in  free  space  and  near  the  ground.  They  are 

expressed  in  terms  of  the  strength  ap  ,  pulse  rise  time  r  and 
the  total  lasting  time  span  T. 
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Figure  2.3S  Boom  sound  pressure  wave  configurations 
(a)  in  free  sound  field  (b)  near  ground 

Due  to  reflections,  tbe  pressure  wave  shapes  become  compli¬ 
cated  at  the  ground  surface.  They  are  formed  from  two  almost 
singular  N  waves,  wliich  have  time  difference  s,  ppc  value  of  s 
is  determined  by  tlie  height  h  of  the  reflection  surface  and  inci¬ 
dent  angle  9,  following  the  mathematical  relation: 

d  2h  cos  9/e,  ’  k  >) 

For  first-order  approximation  (neglecting  the  refractive  effect 
occurring  during  propagation  in  the  atmosphere)  this  can  be 
written  as 

8  - 

where  M  is  the  Mach  number  and  c  is  the  sound  speed. 

The  boom's  energv  spectral  density  is 

(•T+t 

Pii'ie-'-dt,  (2.^*7) 

where  l'(t)  is  the  wave  jjressure. 

For  X  wave  with  intensity  ,  in  a  free  sound  fi(;ld  [3]^ 


Me 


(2.-40) 
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f(«) 


2  AP, 


ui^b(_a  —  i) 
2  AP, 


(  j  sin  hia  —  b  sin  ato") 


Pq  (  •  coT  tor 

'  I  rsin - cos  - 

to^i(a  —  b)\  2  2 

jT  .  u)r\ 
—  sin  —  I, 
2  2  / 


i) 

—  T  cos 


(L^.4a) 


where  a  -  (T  +  r)/2;  A  =  (T  -  r)/2. 

The  energy  in  the  frequency  band  to,  to  to,  is  et'ual  to 


tI?  ‘ (2.49) 

The  boom  effect  occurs  for  supersonic  flights  along  their 
flight  path  over  several  ttiousand  kilometers.  Tlie  effect  readies 
side  distances  of  50-60  kilometers,  with  victims  up  to  tens  of 
thousand  jieople.  L’nder  the  boom  effect,  people  get  headaches, 
humming  in  the  ears,  plugged  noses,  shivering,  and  fright,  ivnen  a  Doom  suddenly 
occurs,  temporary  shock  can  also  occur.  If  a  person  is  situated 
under  boom  sound  for  5  minutes,  he  will  become  dizzy  for  the  v,nolc 
d  a  >■ . 

During  the  supersonic  fliglit,  in  addition  to  the  siijiersonic 
exnaust  noise  and ‘the  boom  sound,  another  important  noise  source 
is  tlie  attached  surface  layer.  High  speed  jet  airj'laaes  and  guided 
missiles  have  liieir  internal  noise  mainly  del er:;.iiied  from  the 
attach.ed  surface  layer's  noise.  The  sound  jiower  of  tlie  attached 
surface  layer's  noise  .Ises  rapidly  witn  increasing  flyiin:  speed 
( a pproxima tel  V  at  J.Toth  power  of  the  speed). 

g.5.-  Combustion  noise 

Recentlv,  combustion  noise  has  itu'reasef)  bo  tli  in  number  and 
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inteasity.  For  instance,  combustion  rotating  machinery,  internal 
combustion  engines,  heating  furnaces  at  oil  refineries,  city  waste 
combustion,  etc.  all  jiroduce  rather  high  intensity  noise-  This 


causes  some  concern  to  peoijle. 

Combustion  noise  is  due  to  ttie  pressure  waves  induced  by 
combustion,  which  lead  to  noise  generation. 

Figure  2.39  shows  the  experimental  results  on  noise  fro' 
heating  furnaces. 

Figure  2.40  is  tlie  sound  frequency  spectrum  of  noise  from 
model  0322  D1  combustion  gas  rotating  machinery,  near  tlie  combus¬ 
tion  chamber. 

Figure  2.41  [4]  shows  the  combustion  noise  from  a  small  scale 


internal  combustion  engine. 


a.  octave  band  sound 


pressure  level  (db) 

b.  frequency  (Hz) 

c.  (a)  12.0  million  kCal 


cvlindrical  furnace 


(oil  burning) 
d.  (b)  10.0  million  kCal 


cvlindrical  furnace 


(gas  burning) 
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Figure  2.59  noise  frequency  spectrum  of  heating  furnaces 
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a.  octave  band  sound 
pressure  level  (db) 

b.  frequency  (Hz) 


Figure  2.^0  noise  frequency  spectrum  for  Model  6522  D1 
combustion  gas  rotating  machinery  near  the  combustion 
chamber 


Figure  2.41  combustion  noise  from  a  small-scale 
internal  combustion  engine 


2.^.4  Wind  sound 

Wind  sound  is  caused  by  the  impact  of  gas  streams  against 
stationary  objects.  The  main  components  are  those  from  eddy 
currents  and  ttie  noise  associated  with  the  breaking  up  of  eddy 
currents . 

The  sound  power  from  wind  rises  drastically  with  increasing 
stream  velocity,  proportional  to  the  sixth  power  of  velocity. 
When  the  velocity  is  low,  it  is  proportional  to  the  5.5th  j)0wer 
of  velocity.  It  is  also  related  to  the  cross-sectional  area  of 
the  object,  normal  direction  friction  coefficient,  and  tlie  gas 


density,  in  terms  of  the  following  mathematical  equation: 

WxpSfv*,  (--50) 

where  W  —  sound  power;  p —  gas  density;  s  —  cross-sectional  area 
of  object;  S —  object's  normal  direction  friction  coefficient; 

V  —  stream  velocity. 

For  stationary  long  cylinders,  the  wind  noise  due  to  the 
stream  flow  has  its  sound  power  the  same  as  that  in  Equation  U.17). 
However,  in  this  case  ^  is  the  length  of  the  cylinder;  D  is  the 
transverse  direction  length  (diameter)  of  the  cylinder.  K  has  a 
value  determined  by  the  geometric  shape  of  the  object,  the  Mach 
number  M  and  the  Reynold  number  Re.  For  a  smooth  object  with 
stream-lined  body,  the  K  value  is  small.  For  rough  bodies  x^ritli 
large  friction,  the  K  value  is  relatively  large. 

i-’igure  2.42  f26]  is  the  curve  showing  the  rela  ti  onsh ip  between 
the  total  sound  pressure  level  and  flow  speed,  for  noise  produced 
by  the  stream  perpendicular  to  the  model  4151  condenser  mic ro  jilione '  s 
membrane.  It  can  be  seen  that,  when  the  flow  speed  is  5-10  m/s, 
the  noise  has  a  total  sound  pressure  level  at  70-^0  db.  When  the 
flow  speed  reaches  beyond  50  m/s,  the  noise's  total  sound  jiressure 
level  already  reaches  100  db.  Therefore,  in  designing  air  change 
and  circulation  systems  and  sound  supj)ressors ,  the  stream  speed 
has  to  be  limited,  otherwise,  due  to  tiie  too  liigli  soeed,  the  air 
changer's  ducts  and  the  interior  of  sound  suppressors  will  produce 
very  high  wind  sound,  such  that  the  sound  suppressors  can  no  longer 
be  effective.  They  may  even  serve  a  negative  function. 
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noise  level 


The  frequency  of  wind  noise  is  determined  by  Equation  (l’.15). 
Figure  2.43  [^"]  shows  the  frequency  spectrum  of  wind  noise  produced 
by  the  air,  when  the  air  flows  at  speed  v  of  33  m/s  around  a  long 
cylinder  of  5  ntn  in  diameter  D.  It  can  be  seen  that,  at  the  funda¬ 
mental  frequency  fj^  =  { 0 . 185)  ( 35/0 .005)  =  1330  Hz  and  its  second 
harmonics  f^,  =  2  x  1330  =  20o0  Hz,  the  noise  has  obvious  peaks. 

IVhen  the  wind  blows  the  electrical  cables  or  ships'  holdinn 
cables,  one  often  hears  such  tuned  sound.  However,  under  many 
conditions,  due  to  the  complicated  shapes  of  objects,  as  well  as 
the  different  degrees  in  roughness  of  their  surfaces,  the  noise 
produced  has  no  regular  patterns.  Therefore,  the  resulting  wind 
noise  forms  a  continuous  spectrum,  with  no  clear  fundamental 
frequency  or  harmonics. 

a.  sound  jiressure  level  (db) 

b.  fretiuency  (llz) 

c  .  Hz 

Figure  2.43  Frequency  spectrum  of  wind  noise  produced 

by  air  flowing  around  a  cylinder 
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CIUPTEH  3.  FUNDAMENTAL  PRINCIPLF!£  AND  CALCULATIONS  uF 
SOUND  SUPPRESSION 

3-1  Intr  >duc  ti  jn 

A  sound  suppressor  is  a  device  for  pr jh i L i t i ng  the  transmission  of 
sound  while  allowing  the  gas  flow.  It  is  a  i  important  techniijue  for 
reducing  aerodynamic  noise.  If  such  a  device  is  installed  alutm  the 
flow  ;iatn  of  aerod\riamic  eijuipment,  the  noise  level  of  such  ejuipment 
can  then  be  reduced. 

There  are  many  kinds  of  sound  suppressors.  The  tnree  basic  types 
include  frictional  sound  suppressors,  reactive  soon;!  so  ii,resso  r  ^  .  and 
f ric tiona 1 -reac tive  combined  sound  compressors. 

The  frictional  sound  compressor  is  based  on  the  absorption  of 
sound  by  certain  materials.  The  frictional  sound  compressor  is  con- 
s’lructed  with  sound  absorbing  materials  fixed  on  the  inner  surface 
of  the  flow  path,  or  fixed  according  to  certain  patterns  along  the 
flow  path.  When  s  lund  enters  the  device,  it  will  be  absorbed  bv  the 
absorbing  materials.  This  is  an  analogy  of  th<  resistance  in  an 
electrical  circuit,  which  dissipates  electrical  euergi  through  h>at 

Juction.  This  kind  of  sound  supj.ressor  has  advantages  for  a  broau 
soectrum  of  medium  and  high  f  renuenc  i  ts  ,  .a  r  t  i  cu  1  a  r  1  y  in  the  high 
frequency  range  which  irritates  hearing.  Their  d  i  sadvan  fanes  li<‘  in 
the  corrosion  hv  certain  gases,  and  short  life  in  hinh  lemperature 
and  steam  apcl  ica  t  ions .  They  have  relative!',  poor  eilicienc.  t r  low 


frepuency  noise. 


Reactive  sound  suppressors  are  also  called  sound  wave  filters. 

Tliey  are  based  on  tiie  [irinciple  of  sjund  wave  filtering,  e.g.,  resonance 
Sound  suppressors,  expansion  -type  sound  suppressors,  and  interference 
sound  suppressors.  TbCy  have  advantages  at  low  frequencies,  with  simple 
structure  and  good  resistance  to  high  temperatures,  gas  corrosion  and 
impact  wear.  Their  disadvantages  include  narrow  frequency  ranges  atid 
poor  efficiencv  at  high  frequencies. 

Some  aerodynamic  noises  have  very  broad  fro'ueiicy  ranges  such  that 

either  resistive  or  reactive  s jund  suppressors  alone  can  not  solve  the 

\ 

problems.  Resistive-reactive  combined  sound  sunpressors  are  tnerefore 
employed,  with  tlie  c ua rac teri s t ics  of  both  types  of  suppressors.  They 
nave  not  only  resistive  sound  absorbing  materials,  but  a ) so  acoustic 
filtering  Components  such  as  resonant  cavities  and  expansion  volumes. 
Consequent! y ,  tuey  are  effective  for  broad  ranges  of  frequencies, 
lijwever.  Paving  tlie  sound  absorbing  materials,  they  have  short  life 
in  applications  involving  nigti  leninera  tures  ( [.art  icu  la  rl  v  with  flames), 
corrosive  gases,  and  high  speed  gas  flow  conditions. 

Recently,  to  reduce  a e rod vnam ic  noises  with  relativelv  broad 
Irequencv  ranges,  and  in  the  meantime  to  enhance  the  effectiveness 
under  high  temperatures  and  steam  and  corrosive  gas  flow,  noise  control 
Workers  have  constantlv  carried  out  research  on  imiroving  designs  of 
<1 1  1 -me  t  a  1  1  ic  sound  sutoressors.  une  new  product  is  the  surpiressor 
based  on  metallic  plates  with  fine  holes.  The  plates  themselves  have 
both  resistive  and  reactive  I'roperties.  \>ith  rooer  arrangement, 
the.  can  be  verv  effective  for  broad  fre<;uenc\-  ranges,  and  sust.iln 
iiizh  t  (Mip  if  ra  tu  re  ,  steam,  corrosive  nas  a  'plications.  Thev  can  function 


well  even  when  the  gas  flow  contains  large  amounts  of  moisture.  There 
is  some  difficulty  in  the  processing  (e.g.,  in  welding)  of  the  reijuired 
thin  plates  (less  than  1  mm  in  thickness). 

The  iiuality  of  a  sound  suppressor  is  mainly  based  on  three  con¬ 
siderations  below: 

1.  The  characteristics  of  sound  suppression  (sound  reduction  and 
s]»ectral  properties):  The  sound  reduction  can  be  measured  in  terms  of 
transmission  loss  and  insert  loss;  for  field  measurements,  it  can  also 
be  expressed  through  the  decrease  in  loudness  levels  between  the  exhaust 
outlet  and  the  inlet. 

Tratismission  loss  is  the  difference  in  sound  energy  oetween  the 
inlet  and  the  outlet.  By  its  definition: 

=  10  log’..yV;2  =  -  L  (db)  (3.1) 

^1  ^2 


where  is  the  transmission  loss, 

and  L  the  transmitted  sound  power 


L  the  inlet  sound  oower  level, 
'^1 

level  . 


Since  the  sound  power  level  can  not  be  measured  directly,  trans¬ 
mission  loss  is  generally  determined  through  the  measured  sound  pressure 
levels.  Witli  a  sound  transducer  located  inside  the  sound  suppressor, 
one  measures  the  sound  level  (total  sound  pressure  level  and  A-sound 
level)  at  constant  intervals  between  the  inlet  and  the  outlet.  The 
relation  between  the  noise  reduction  and  distance  can  be  derived.  The 
total  sound  reduction  of  the  sound  suo.ressor  can  then  be  calculated. 
This  method  is  free  of  interference  from  background  noises,  and  rellects 
correctly  the  characteristics  or  the  sound  suppressor  as  well  as  the 
sound  reduction  orocess.  However,  the  measurements  are  tedious,  and 
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accurate  measurements  can  ^lardly  be  made  in  high  speed  gas  Maw. 
Therefore,  approximate  transmission  loss  is  ofte..  determined  Liy 
measuring  the  sound  level  (total  sound  i)ressure  level  and  A-sound 
level)  at  various  holes  drilled  through  and  along  the  wall  of  the 
sound  suppressor. 

A  simpler  method  for  measuring  transmission  loss  is  based  on 
the  difference  at  two  ends.  That  is,  the  transmission  loss  is  the 
difference  in  average  sound  level  (total  sound  pressure  level  atid 
A-sound  level)  between  the  inlet  and  the  outlet.  This  method  is 
sensitive  to  background  noises.  To  avoid  interference  caused  by 
high  Sj.eed  gas  flow,  this  method  can  also  be  used  with  sound  levels 
measured  at  some  reference  holes  through  the  sup  rtssor  wall  near 
its  inlet  and  outlet. 

In  field  measurements,  transmission  loss  as  measured  hv  inserting 
a  given  sound  suppressor  into  the  flow  oath  is  more  olten  used  Ij 
evaluate  toe  quality  of  such  a  suj.ressor.  That  is,  at  one  jt  several 
oints  in  an  aerodynamic  device,  the  average  sound  levels  (t^iai  sound 
I  ressure  level  and  A-sound  level)  are  measured  with  and  withouL  i he 
installatijn  of  the  sound  suopressor.  By  inserting  the  sup()ressoi 
into  the  flow  path,  this  method  can  be  used  even  if  the  aerodynamic 
device  involves  high  temperature,  high  flow  rate,  and  corrosim  ij 
transducers,  or  it  has  walls  not  suitable  'or  hole  drilliii!:.  fne 
weakness  o.  this  method  is  that,  with  strong  background  noises,  no 
accurate  measurement  can  be  made, 

To  avoid  interference  due  to  background  noises  in  evaluaiijii 
of  a  given  sound  suppressor,  one  can  also  relv  on  the  sound  level 
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changes  at  the  exliaust  outlet  (or  gas  inlet).  The  sound  reduction 
is  determined  by  measuring  the  difference  with  and  without  the  sound 
suppressor,  in  the  average  sound  levels  (total  sound  pressure  level 
and  ,\-sound  level)  at  one  or  several  points  witti  known  distances 
fr^m  the  exhaust  outlet  (or  gas  inlet). 

The  transmission  loss,  the  insert  loss,  and  the  sound  level 
changes  at  the  exhaust  outlet  are  the  main  indicators  of  the  effective 
ness  of  a  given  sound  suppressor.  The  larger  tiiese  values  are,  the 
belter  tlie  sound  suppression.  However,  the  results  are  sometimes 
difterent  frjm  different  methods.  one  has  therefore  ti  indicate 
the  method  being  employed  in  each  measurement. 

It  is  not  enough  to  evaluate  a  given  sound  sunressur  similv 
bv  cjnsidering  the  total  sound  pressure  level  and  A-sound  level.  one 
has  tj  know  its  spectral  characteristics  in  terms  of  tlie  sound 
reductions  at  different  fre«iuencies  of  frepuencv  batals.  Indiviflual 
mea  su  reme  n  I  s  at  s  ecified  I  re.  uetic  i  es  or  bands  have  t)  be  maiie. 
fhev  are  o  ten  expressed  in  octave  or  tli  i  rd -oi.- ta  ve  bands. 

Irres  ei  tive  of  wbicti  method  is  used,  ttie  hackaround  noise 
c  0  r  rei;  t  1  )  ti  mu  s  t  he  mad  e  ,  u  s  i  ng  1-  i  g  .  1  .  o  r  Ta  h  1  e  1.1. 

1.  i  I  ii  the  s  tund  reductiin  determined  in  levels  (dh),  one  can 
ca.culate  iheti,  through  certain  relationships,  the  sound  power  level 
iliflereace  (dh),  sound  power  diilerence  (watt),  loucness  level 
di  tie  re  nee  (fon),  loudness  difference  (sotn;),  etc. 

.g.  Aerodynamic  properties  of  sound  sopresso  rs  :  The  a  e  rod  v  nan  i  c 

IT'  .crties  are  also  imcortant  in  evaluating  a  given  smnd  su  ppressor. 
.'.ince  everv  suppressor  has  ti  be  installed  along  tne  flow  oatii,  ii 


will  und  juLi  ted  1  y  affect  the  aerjdviiamic  characteristics  Ji  the  aera- 
d\naniic  device.  If  jrily  tue  e  f  fee  t  ivetiess  in  sjuiid  reduction  is  taken 
intj  e j ns i d e ra t  i  o n .  but  the  aerodynamic  aspect  is  ignored,  a  sound 
suppressor  can  sometimes  reduce  greatly  ttie  efficienc>  of  an  aero¬ 
dynamic  device,  or  even  cause  tlie  device  to  become  com[)letely  inoperable. 
For  an  air-ct, anger  having  a  soutid  suppressor  witn  too  large  flow 
resistance,  tne  device  will  have  too  low  air  [/ressure  to  deliver  enough 
air  flow.  If  tlie  resistance  from  a  sound  compressor  is  t  jo  tiigh  in  an 
internal  combustion  engine,  the  erigine  may  end  with  too  low  [lower  to 
start. 

The  aerodynamic  characteristics  of  sound  suppressors  mainly 

defined  in  terras  of  resistive  dissipation  and  the  resistance  coefficient. 
The  resistive  dissination  arises  from  the  friction  of  tlie  inner  surface, 
the  elbow,  the  holes,  and  the  conduit  cross  section  variations  of  the 
sjund  siinpressor.  It  is  usuallv  expressed  in  terms  if  the  total  pressure 
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pressure  difference.  (Appendix  1  lists  resistive  dissipation  associated 
w'itli  some  common  networks.) 

unce  the  dvnamic  [iressure  p^  and  the  resistive  dissination 
01  a  given  sound  suppressor  is  determined  under  different  wind  velocities, 
one  can  calculate  the  average  resistance  ciefficient  j  f  r  im  h.uatiiri 
(3.d): 

Ci.d) 

P» 

with  being  the  total  average  pressure  difference  he  tween  the  inlet 

and  the  outlet  of  sound  suppressor,  and  being  Ih*  average  dviiamic 
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;tressure  at  the  cross  section  containing  the  point  oi  measurement. 

3.  Specifications  of  sound  suppressor  (dimensions,  prices,  useful 
life,  etc):  Specification  of  a  given  sound  supiiressor  is  also  an 
indicator  of  its  ijuality.  With  the  same  sound  reduction  capability  and 
aerodv-namic  characteristics,  it  would  be  better  to  have  smaller 
dimensions,  lower  prices,  and  longer  useful  life. 

^  J).'^  Sound  Absorbing  Materials  and  Sound 
Absorbing  Structures 
3.-.1  Sound  Absorbing  Materials 

Sound  absorbing  materials  are  materials  which  can  absorb  sound 
energy  incident  on  them.  When  sound  waves  enter  the  fine  onenings 
of  such  materials,  the  air  and  tiny  fibers  inside  vibrate  to  dissi  pate 
the  sound  energy  into  heat  tt. rough  iriclion  and  viscosity.  Therefore, 
most  sound  absorbers  are  soft  and  porous.  There  are  fine  holes  at 
tlie  surface.  These  holes  extend  deep  into  the  materials  and  are 
interconnected.  Therefore,  sound  waves  can  enter  easily.  Lxamples 
of  good  absorbing  materials  include’  fiber  gloss,  mineral  liber,  asbestos 
wool,  cotton,  Kanlon  fiber,  sea-weed,  foam  plastics,  wood  cbi,'  board, 
sugarcar.e  fiber  board,  aerated  concrete,  sound  absorbing  brick,  etc. 

Fig.  5-1  shows  sc liema  t  ica  1  1 ttie 
process  of  sound  absorption.  ivhen 
incident  sound  wave  (Ij  arrives  at 
the  surface  ol  a  niorous  material,  the' 
wave  ( J )  is  refl<.‘cted  fromtlie  surface, 
while  the  wave  (")  enters  the  naterial. 
I’art  oi  this  sound  wave  3)  is  absorheu. 
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TUtj  un-absorbed  portion  is  reflected  bv  tbe  rii^id  wall,  and  passes 
once  more  througn  the  porous  material  before  reaching  tlie  surface. 

This  repeated  prjcess  allows  most  of  tin-  sound  to  be  absorbed.  onlv 
a  small  'ortioii  is  returned  to  tbe  air. 

For  practical  our  oses,  tlie  pbvsical  .aramefer  describing  tbe 
sound  absorption  ability  ot  a  material  is  most  often  the  Sviutid  absorption 
coei'ficient  o.  It  is  defined  as  ttie  ratio  o.  the  abs;rued  sjund  energv 
to  the  incident  energy.  That  is 


Wiiere  incident  sound  energ>',  L  .=  reflected  sound  energ\',  and 

L  =  absorbed  sound  eiiergv. 

It  is  obvious  from  Lpuation  (5»o)  tnat,  with  a  erfect  rel'iective 
surface  =  E^)  ,  a  =  o  ;  lor  a  perfect  absorption  surface  (L^.  =  u),a=l. 

for  general  materials,  tne  sound  absorptiot)  coe  I'ticieni  has  a  value 
uetween  0  and  1.  The  larger  to.  aosor'lion  coeifii  leiit  is.  tne  bettei 
the  sound  ahsorntion  effect. 

Tiie  (Ualitv  of  a  sound  ai)S>rhing  m.ttenal  is  s^ineiimi.s  expressed 

in  terms  ot  sound  lesistance  Z,.  It  is  tr.e  ratio  beiwoen  tu«  sound 

A 

.ressur^■  on  a  given  cross  section  ai^d  tne  passage  value  of  this  cross 
section  (vilume  velocit.  or  linear  velocltv  multiplied  he  ti.e  cross¬ 
sec  t i ona  1  a  rea  )  ; 

/  ^  -  p  V  {  s  >und -olim ) 

Sound  resistivitv  is  t.e  resistance  ,  er  unit  arn-a. 

There  is  a  c  inversion  re  I  a  1 1  onsn  i  ,■  between  tin  sound  resisran  e 
aiid  tne  s  lurid  absorption  coefficient. 

f’or  an  incident  a.igle  t*  (the  angle  with  tne  normal  direction  of 
tne  atisorbing  structure),  . 


_  ,  Z^COS0  —  pc 

^  ^  - • 

Z  A  COS  tj  ^  oc 


(5.5) 


Fur  diffuse  incidence, 


04  sin  2  0  <i  0. 

( 

Wdeu  tiie  sound  resisLnnce  is  independent  of  tne  incideMt  angle, 
itiis  integratiun  can  be  expressed  as 
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n  ^ 

wuere  « ~  diffuse  incidence  sound  absorption  ojeffieient:  and 
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X  =  —  are,  re  s  pec  1 1  ve  J  n' 
pc 


ttie  real  and  imaginers  an  jf  tiie  soutid 

res  is  tance . 

Tlie  sjund  atisorbing  aljilit'o  of  a  eurous  malerial  is  deicrmined  b\ 
r(ie  fjllowing  factors: 

1.  Flow  resistance  H  of  the  material:  It  is  tne  resistance  ti 
air  flow  through  the  openings:  it  is  defined  as  the  ratio  between  the 
static  pressur-'  difference  across  ttn  material  and  the  linear  velocitv 
if  the  air  flow,  :-.rovided  that  a  steadv  flow  is  maintained  with  low 
t  ow  ra  te  : 


R  ^  ( MKi  Ha  y  1  s  '^  ^  )  . 

V 

T)  MKS  Ha  V 1  s  means  kg  m-s  Tn  the  MKi  unit  s  y  s  t  inra 


(5.^) 
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Siecii'ic  riow  resistatict;  r  is  ttje  f  i  aw  resistance  wrtn  unit 
thickness  j f  the  material.  Its  unit  is  Kavlem.  Typical  s,eciric 
t I ow  resistance  values  are  between  10-10^  MKS  Kayls  cm. 

Li.  Porosity  q:  This  is  the  ratio  between  the  air  volume  tj  tiie 
total  material  volume.  In  this  case,  only  tlie  interconnected  air 
,:assasies  accessible  to  air  1' 1  ow  is  taken  into  account,  not  including 
totally  enclosed  air  Dockets.  Common  [.orous  materials  have  oorosity 
above  10%,  most  o  1  them  above  yU'i.  For  example,  mint.-ral  fiber  has 
porosity  of  bO'c,  and  fiber  glass  has  porositv  higher  than  yU'"^. 

".  Structural  factors;  This  is  a  physical  tjuantity  determined  by 
the  structural  characteristics  o  a  sound  absoruing  material.  In  the 
tlieory  of  sound  absor"Cion  by  porjus  materials,  modcis  are  made  by 
assuming  the  arrangement  of  ca pi  1  i aries  is  alone  the  direction^  perpendicular 
to  their  wall  thickness.  In  reality,  the  air  bubbles,  spacings  and 
c  j  n  I  i  gii  ra  t  io  ns  in  tiie  oorous  materials  are  ratio  r  irregular.  To  arrive  at 
an  agreement  between  the  tneory  and  tiie  fact,  a  correction  factor  would 
be  required.  This  is  tii<;  structural  factor.  It  usually  tias  a  value 
between  11  and  lU.  When  one  kind  of  capillaries  is  arranged  randomly', 
the  structural  factor  is  3. 

It  is  known  from  both  theory  and  experiment; 

,0^.-  r  r-i-  ^ 

1.  When  tee  thickness  is  sufficient!  v  large,  tlie  sound  ab&-or'*tion 

,  i  -..i  •  ^  1  Cut ^  i  ■  r  ■  I  ,  -'S.  ' . 

CO  ef  f  io  lent-  i»' gT'CcTter  if  the  sotecific  flow  resistance  and  the  struc¬ 
tural  factor  are  small. 

Ivlieii  the  thickness  is  not  large,  r  maintains  tlie  best  va  ue; 
When  r  -  Hz'*  MKS  Ravls/'cm,  tue  sound  absorption  coefficient  is  liigh  -- 

1^2 


'If  -irltMl  Muitfliiiiiiiiii 


w  > 

as  in  fiber  glass  aud  mineral  f  i-Lnw  of  a  given  densit,;  but  when  r  -  10 
/  A  5 

MKS  Rayls  cm  atid  r  -  10  -10  MKS  Rayls/cm,  tue  sound  absorption  coefficient 

is  relatively  low  —  as  in  wood  cnip  board  and  sugar-cane  fiber  board. 

Therefjre,  in  studving  sound  absorption  materials  and  product  development, 

it  is  [iractical  to  control  flow  resistance  in  order  to  raise  toe  sound 

absorptive  ability  of  iiorous  materials. 

3.  With  given  specLfic  flow  resistance  r  and  structural  factor  s, 

toe  low  and  medium  frenuency  absorption  coefficient  generally  increases 

with  increasing  thickness  of  materials.  For  soft  and  low  density 

^  3  ' 

materials,  if  flow  resistance  is  in  tlii-  range  of  10  -lu  mKS  Ravls  cm, 
one  has  to  increase  tiie  tnickness  to  enha  ce  tne  sound  absorption 
effect  for  low  f  re(|uenc  ies .  If  tne  f  ■  ow  resistance  is  very  large,  as 
u'l  to  10^  MKS  Rayls/'cm,  there  will  not  be  much  improvement  in  the  sound 
absorption  coefficient  even  tlie  thickness  is  increased.  Gonseijuentl  y , 
tiiere  is  no  need  for  very  thick  board  materials  with  higher  density. 

There  are  two  common  laboratory'  methods  for  d e t c im i n i ng  tne  sound 
ahsortion  coefficient  of  materials: 

1.  Sound-mixing  room  method:  Through  the  measurement  of  the  sound 
absorption  c  oe  f  f  ic  ien  f,  daring  tt:e  sound  mi.'.ing  period  in  a  sound-mixing 
room,  tile  sound  absorption  coefficient  a  of  u  material  for  a  diffuse 
incident  sound  can  be  determined. 

Assume  the  souml  mixing  time  in  an  empt\  room  is  t^,  then 

t^  -  u.ioi  V  A,  (3  y) 

where  V  is  the  volume  of  tlio  room*  in  m"^;  and  a  the  to  La  1  sound  absoryttion 
in  the  emptv  room,  in  m^ ,  A— agS. 
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Assume  tlie  sjund  mixing  time  is  in  a  room  equipped  with  sjund 
absjrpLijn  material  samples,  then 


where  S  is  the 
m 

( 3  .  b ) ,  we  have 


t  =  0  .  I  o  1  V'  ( S  o 
m  '  e 

samjile's  surface  area 


+  So) 
m  ffl 


in  m" . 


m 


0.1 ol  V 


S 


m 


t 

m 


t 

e 


C.iu) 

From  F'luatijus  (3.7)  and 


(3.11) 


With  the  sound-mixing  room  method,  one  needs  very  large  area  oi 
the  sound  absorption  material  samples,  as  well  as  very  long  Lime 
requirements  ot  the  laboratory  [sound  mixing  roomj.  Therefore,  it  takes  more  effort. 

2.  standing  wave  tube  method:  The  standing  wave  tube  method  can 
be  used  to  measure  the  sound  absor[>tion  coefficient  when  tiie  wave 
r'ropagates  in  a  direction  perpendicular  to  the  surface  of  tlie  material. 
Tiie  testing  arrangement  is  sliown  in  Figure  3.d.  This  method  is  mainly 
based  on  the  measurement  of  the  standing  wave,  which  occurs  as  a  result 
of  the  reflection  from  the  sound  absorption  surface  of  a  longitudinal, 
single  wavelength,  plane  wave.  (if  the  tube  diameter  is  not  small  enougli 
and  ti.i'  inner  surface  of  the  tube  is  very  smooth,  the  loss  at  the  tube 
surface  can  be  neglected.) 


a.  Fir- fa  v/all 
r.  cavity 

c.  car.’-le  raterial 
teatir.r 

e.  loursreaKer 
1.  .:our.c  fre.'uer'.cy 
re  scrato  r 

~.  t  rar. rri  tte  r  cart 
.  free uer c'..'  cractro- 
"  t  p  r 

i.  -::cale 


a.  \>  c 

2^  it."-;!)*; 


Fig.  3.-’  Schematic  Arrangemeut  o  1'  the 


StandiiiK  Wave  Tube  Test 


For  a  given  material  and  frequency,  the  ratio  between  the  maximum 

and  the  minimum  value  of  the  sound  pressure  in  the  tube  is  a  constant. 

If  this  constant  is  n,  the  sound  absorption  coefficient  for  a  normal 

incident  sound:  . 

ct  =  - ^ -  (3.12) 

n  .  J  ^  2 

For  some  standing  wave  tubes  and  spectrometers,  the  sound  absorp¬ 
tion  coefficient  can  be  read  out  directly  from  the  indicators  on  the 
instruments.  Therefore,  this  method  is  simple  and  is  convenient  for 
making  relative  studies  among  different  sound  absorption  materials. 
However,  the  method  is  valid  only  for  plane  waves  (i.e.,  for  sound 
waves  with  wavelengths  greater  than  1.7  times  the  diameter  of  the  tube). 

Tables  3. 1-3.4  show  the  testing  data  for  the  sound  absorption 
coefficient  of  materials  in  this  country  . 

From  testing  results  on  sound  absorption  materials  we  know  that: 

1.  .As  far  as  sound  absorption  ability  is  concerned,  different 
sound  absorption  materials  have  the  following  order  according  to 
their  effectiveness  in  sound  absorption:  fiber  glass,  mineral  fiber, 
Kaplon  fiber,  seaweed,  asbestos,  industrial  wool  blanket,  perforated 
fire  brick,  sound  absorbing  brick,  perforated  concrete,  wood  chips, 
wood  fiber  board,  sugar-cane  fiber  board,  etc.  The  sound  absorption 
characteristics  of  foam  plastics  are  not  stable.  They  depend  on  the 
fabrication  techniques,  the  continuity  of  the  materials,  and  the 
si:es  of  the  capillaries.  Some  of  them  have  high  sound 
absorption  coefficent  close  to  that  for  fiber  glass. 


1)  The  sound  absorption  coefficient  values  in  this  chapter  are 
based  on  the  various  testing  data  as  gathered  in  China. 
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*able  3.1  Sounb  absorption  coefficient  (Tube  te?tir~ 

of  fiber  glass,  glass  cotton,  mineral  residual  cotton  an-" 
their  products 
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e.  Production  location 
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Table  3.?  loun'-'  absorrtion  coerficiert  of  fi:  rcuo 
ar.ii  their  products  (Tube  testing  rethOH) 
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raMe  3 


Sound  absorption  coefficient  of  foar.  elastics  raterials 


(Tube  testinc;  rr;ethoH) 
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Table  3.4  SounH  absorption  coefficient  of  builr>ir.(r  r.aterials  (tui-e 


testing  r.ethob) 


3 

a.  material  b.  thickness,  cr.  c.  bensit’'-,  kc/m 

d.  sound  absorption  coefficient  at  various  freruencies 

e.  production  location 


T  ilO 


Some  of  tiiem  have  low  values  like  that  for  wood  fiber 
b  ard.  There  are  some  foam  plastics  containing  itidepeode.it  air  bubbles 
not  allowing  air  circulation,  such  as  tne  polyethylene  styro-foam. 

Air  vibrations  due  to  sound  waves  can  nut  be  transmitted  to  ttie  interior 
of  the  materials.  Strictly  speaking,  t.iis  kind  of  material  can  only 
be  categorized  as  soft  material,  but  not  porous  material.  They  have 
different  mechanisms  for  sound  absorption  frjm  tiiat  for  porous  material 
When  sound  waves  are  incident  on  such  materials,  the  latter  vibrate  as 
a  result.  The  internal  friction  dissipates  energy,  and  causes  the 
attenuation  of  tlie  sound  wave.  Consequently,  the  sound  absorption 
characteristics  are  also  different  from  that  for  porous  materials.  For 
one  particular  sound  wave  frequency,  they  will  resonant.  N'ear  this 
resonance  frepuency,  they  have  a  very  high  sound  ahsor>tioti  c  oe  i  f  ic  ieti  t . 
The  e  f  f  ic  i .  •!  :  ies  for  sound  absorption  are  greatly  reduced  foi  other 
frequencies. 

Relationshi  .  between  the  tiiickness  oi  a  material  and  tiie  sjund 
absorption  coefficient:  The  sound  absorption  coefficient  generally 
increases  with  increasing  frequency,  and  reaches  a  constant  tor  a  given 
frequency.  With  tliicker  materials,  the  s  >und  absorption  ei  l  ici.Micv'  1ji 
low  and  medium  Irequencies  can  be  enhanced.  However,  considering  the 
economics,  the  thickness  can  not  he  increased  without  a  limit. 

There  is  practically  no  effect  on  higti  fre  uenev’  ahsor  lion  by 
increasing  the  thickness  of  materials.  For  fiber  gloss  with  tiiickness 
more  than  i  cm,  the  high  frequency  ave-rage  sound  absor  lion  coellicietn 
is  generally  above  U.liO.  I’or  mineral  I'ilifr  witli  iliicKiiess  more  titan 
'(  cm,  tile  higii  frcf'uencv  average  sound  absorption  cief'licieni  is  .iboul 
For  olastics  willi  thickness  more  titan  k  cm,  if  f  i  ow  resist.ince 


is  low,  tlie  liigh  frequency  average  sound  absorption  coefiioient  is 

about  U.yO;  ii  f i ow  resistance  is  high,  tbe  bigb  irepuency  average 

sound  absorption  coefficient  is  U.BO-U.85;  and  if  tbe  f ' ow  resistance 

is  very  bigii,  tiien  tbe  high  fret,uency  average  sound  absor ption  coefficient 

is  below  U.75.  Industrial  wool  blanket,  sound  absorbing  brick,  etc, 

have  bigb  frequency  average  sound  absorption  coefficient  below  0,7. 

'■ost  sound  absorbing  materials  have  good  bigb  frequency  sound 

absorption  properties.  There  is  no  ujiper  limit  for  frequencies  as  far 

as  sound  absorption  is  concerned.  Therefore,  relatively  thin  sound 

absorption  materials  would  be  enough  for  high  frequency  sound,  on 

tne  other  band,  one  needs  thick  materials  to  absorb  low  frequencv  souf\d. 

j.  The  effect  of  sound  absorption  materials'  density  on  tlic  sound 

absorjjtion  coefficient:  Since  tlie  density  of  a  sound  absorption  material 

is  directly  related  to  the  flow  resista,,ce,  it  has  a  certain  eifect  on 

t'le  sound  absjr[ition  coefficient.  If  the  densilv  is  lo-gu  kg  ijr 

ultrafine  fiber  glass,  the  resonant  sound  a  l>s  o  r  p  t  i  0 11  e -le  f  f  ie  lent  is 

u.yo-o.yp  a;. (I  tbe  high  frequencv  average  sound  absorption  coefficient 

is  If  the  detisit\  is  -  j-jO  kg  I’ur  ultratine  I'ibeT  glass,  tne 

res  mailt  sound  absorption  coefficient  is  O . -le’-U .  pe)  and  the  liigu  irequtMic.' 

average  sound  absorption  coefficient  is  tt .  .  For  ultrafine  fiber  glass 

with  (leiiSit-  of  oo-^iil  kg/m’^,  the  resonant  sound  absorption  coefficient 

is  re'duced  to  and  LIk;  bigb  irequencv  average  sound  ansor  tion 

cjefficie-nt  is  recincetl  to  '»,7(j.  But  in  contrast  to  this,  the  low  fre,ueuc>- 

sound  ausorption  cjei’ficient  increase's,  lor  ultrafine  fiber  L.i<iss.  if 

3 

tee  fltM,sit^  is  decreased  I  r  <m  '3-''tU  kg,  m  to  C3-3'J  kg  ni  or  fr  nr,  Jo-'bi 
kg  m  ti  l(i-_M)  kg/m"^. 
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For  most  sound  absorption  materials,  if  tlie  density  increases, 
tiie  low  fret(iiency  sound  absorpt  on  efficiency  increases  while  tbe 
lii^b  fre<iuency  sound  absorption  efficiency'  decreases.  Therefore,  one 
has  to  reasonably  select  the  densit'  of  tbe  sound  absorption  materials 
to  achieve  best  sound  absorption  results. 

Apart  from  density  and  thickness,  the  sound  absorption  ability  of 
a  material  also  depends  on  env i ronmen ta 1  factors  such  as  temnerature, 
humidity,  and  air  currents. 

1.  The  effect  of  temperature;  khen  temperature  increases,  the  peak 
sjund  absorption  efficiency  moves  towards  higher  frequencies.  Mien 
the  temnerature  decreases,  it  moves  towards  lower  frequencies.  This 
e f I ec t  is  due  to  the  change  in  wavelength  through  change  in  temperature. 
It  should  be  noted  that,  in  selecting  sound  absorption  materials,  one 
should  not  go  beyond  the  working  temperature  range  of  a  given  material, 
otherwise,  not  only  is  tiie  material  not  effective,  it  will  also 
deteriorate  fast.  (In  Ap  'eridix  t:  some  thermal  properties  of  sound 

absorption  materials  are  given.  Thev  may  be  used  as  reference  in  material  selection.) 

2.  The  effect  of  humidity:  The  absorption  of  moisture  or  water  causes  the  change 
of  a  material's  properties,  as  well  as  sealing  off  passages  and  small  holes  insiue 
tiie  material.  This  leads  to  a  reduction  in  porosity  of  a  porous  material,  affecting 
the  sound  absorption  characteristics  of  a  sound  absorption  material. 

Table  3.5  shows  the  water-soaking  effect  on  sound  absorption  of  fiber  glass.  It 
can  be  seen  that  water-soaking  first  causes  the  reduction  in  high  frequency  sound 

Table  3.5  Effect  of  water  absorption  on 
the  sound  absorption  capability  of  glass 
cotton  (glass  cotton  blanket,  "density 
25  kg/m\  5  cm  thick) 

Key:  a.  water  content  Co); 

b.  sound  absorption  coefficient  at 
various  frequencies. 
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absorption  coefficient,  followed  by  the  extension  of  this  effect  towards  lower  fre¬ 
quencies  when  the  water  amount  increases. 

j.  The  effect  of  air  stream:  A[)art  from  the  fact  tliat  air  stream 

blows  some  fibers  awa>,  it  also  causes  the  change  of  the  sjund  wavelength. 

This  leads  to  the  shift  in  peak  efficiency  of  sound  absor  tion  towards 

either  higher  or  lower  frequencies. 

■  .  L’ .  q  Sound  Absorbing  Structures 

As  mentioned  before,  one  has  to  greatly  increase  toe  tliickness 
of  sound  absorbing  materials.  This  is  not  economically  sound.  Thirt- 
fore  for  low  f rep uenc i e s ,  resonance  sound  absorbing  structures  are 
often  used  for  Sjund  absorption. 

A  single  resonator  is  shown  in  Figure  3-3:  a  cavitv  ot  volume  V. 
a  small  hole  with  diameter  d  turough  its  wall,  the  neck  length  ;  . 

This  kind  of  resonator  is  called  the  Helmholtz  resonator. 

Ivhen  sound  waves  reach  the  resonator,  the  air  inside  the  neck  of  the  hole  moves 
back  and  forth  under  the  sound  wave  pressure.  This  moving  air  has  a  constant  mass. 

It  resists  the  velocity  change  caused  by  the  sound  wave,  just  as  the  inductor  in  :m 
electrical  circuit  has  the  effect  of  moderating  the  change  in  electrical  current.  At 
the  same  time,  when  sound  waves  enter  the  neck  of  the  hole,  part  of  the  sound  energ>’ 
is  dissipated  into  heat  through  friction  and  resistance.  Such  friction  and  resistance 
are  equivalent  to  the  electrical  resistance  in  an  electrical  circuit.  Also,  the  air- 
filled  cavity  has  the  effect  of  resisting  the  pressure  change  from  the  small  hole. 

This  is  an  analogy  to  a  capacitor  in  an  electrical  circuit,  which  resists  the  voltage 
change  across  its  terminals. 

figure  3.5  The  structure  of  a 
single-unit  resonator 

■3 


Vdheti  the  sjuticl  waves  have  a  fretiueiicy  ecjual  tj  the  natural  frequency 


of  the  resonator,  resjnance  will  occur.  The  vibration  amplitude  is 
at  its  maximum.  Ttie  air  column  moves  back  and  f>rtii  in  the  neck  of 
the  hole  with  a  maximuDi  velocitv,  as  well  as  a  maximum  frictional  energy 
dissination.  The  sound  energ>'  absorfstion  is  therefore  also  a  maximum. 
Such  a  sjund  absorbing  structure  is  called  a  res /nance  sound  su  j)  jires  so  r . 

It  should  be  made  clear  that  ttie  condition  for  Helmholtz  resonators 
to  be  applicable  is  that  the  wavelength  of  ttie  sound  wave  must  be  greater 
rnan  tne  dimerisions  of  the  resonance  cavit)'.  Furthermore,  dimensions 
oi  th«'  opening  on  tne  cavit>'  wall  must  be  much  smaller  than  tnose  of 
tne  cavitv,  onlv  noises  with  low  frequei\cy  and  long  wavelength  can 
saiisf\  these  conditions.  Therefore,  in  general,  lIelml)ollz  resonators 
are  useful  for  low  fre(iLiency  noises  only. 

ihen,  to  what  factors  are  resonance  frequencies  related?  According 
ij  0  I  in:  t  r  1  ca  1  circuit  theorv,  the  res>na.ice  frct|nencv  f;r  a  circnii; 


2W  LC" 


(■•13) 


wnere  L  is  tlie  inducta.ice  and  C  is  the  capacita  ce.  Bv  cnuparinii  sound 
and  electricity',  we  can  derive  the  resonai.ee  fretinencv  in  a  sound  system: 


f. 


-  I— 


(  3  .  1  h  ) 


wn,erc  c  is  tin  sound  s  eed:  S  is  the  area  of  the  s;iia  1  1  liole:  ^ 

is  tne  effective  neck  lengtti:  i  is  the  neck  length  or  the  luard  ihicuness 

f /r  a  hoard  w  th  drilled  holes;  t,  is  a  correction  factor,  lor  a  circular 

hjle,  t,  =0.3d:  and  is  tije  volume  t’  the  c*avitv, 

K 


For  a  single  resonator,  tlie  tre-iuency  bandwidtlj  a/  witli  SjuikJ 
absorption  coefficient  greater  than  U.5  is 


A/  - 


(3.13) 

Single  resonators  are  liigiily  selective  in  sound  absoriition.  uith 
narrow  bandwidtbs  tliey  can  only  absorb  noises  with  very  simple  sound. 
In  industrial  a ica  t  io  ns  one  often  has  to  use  multiple  resonators. 
That  is,  to  have  many  holes  rather  than  just  one  on  a  board.  When  tiie 
number  of  holes  is  n,  the  resonance  frei;uency  is 


'■-m 


(3  J'o) 


0  r 


/_P. 


( 3.17) 

where  ;>  is  the  degree  of  openings,  i.e.,  the  ratio  between  cln  are.j  of 
j  .enings  to  the  total  surface  area.  (The  relations  between  1'  and  liie 
iiole  dimensions  and  the  distance  between  liolcs  can  be  found  in  A  oeinJix 
■  .  )  D  is  the  cavity  depth. 

To  make  it  convenient  for  calculations.  l.i|Uation  (3.17)  is  expressed 
Lti  a  diagram  (see  Aniiendi.x  h). 

The  Sound  absor'ii.ion  c  o  t;  f !' ic  ien  t  at  resonatice  I' r  c  j  uue  ne  ^  is; 


“tr, 


(1  +  ’ 


wtiere  r^  is  the'  relative  sound  resistance 


It  is  i>v  t  I  ow 

resistatice  r.  the  efih.'ctive  o.ening  length  /*..  and  denreio  oi  o  ienini;s 
1’ .  In  a  mathematical  re  iresen  ta  t  i  on  ; 
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The  baiidwicitli  for  a  multiple  resonator  with  sound  absorption  coeificieni 
greater  than  U . -3  is 

■  (■--u) 

Several  values  of  a  and  a/  as  determined  by  the  tube  method  are  given 
be  1 ow  : 

1.  Fi.\ed  tiole  diameter  and  cavity  depth,  variable  degree  of  openings; 
Figure  3.3  shows  ttie  sound  absorption  coefficient  of  a  resonator  witti 
the  degree  of  openings  P  =  l-83o,  board  tnickness  t  =  L;.5  mm,  hole  dimensions 
<p  13  r:Tt,  and  cavity  depth  D=130  mm. 

Figure  3.3  shows  the  sjund  absorption  c~'e  i’ I' ic  i  en  t  of  a  resonator 
with  P=U.3-8.tS,  board  thickness  t=d.5  mm.  hole  dimensions  3  mrr.  and 
cavity  depth  D=13U  mm. 

From  Figures  3.3  and  3.5.  it  can  be  seen  that  the  sound  absorption 
efficietic\'  is  better  wwen  the  degree  of  openings  P  is  in  thi'  range  of 
1-3''-.  For  absorjition  bandwidth  above  13<->  Hz.  particularly  for  resonators 


The  absorption  bandwidth  referred  here  is  Lite  fre<|Uenc'v  handwidlli 
corresponding  to  sound  absorption  coefficients  higiier  than  30'’^ 


with  P=  1  .  3-d .  3'^n ,  the  sound  absorption  efficiency  is  even  better.  For 
oxamnle,  with  P  =  'J''c,  two  resonators  with  hole  dimensions  ^  10,  and  .,•)  3 
(lave  liandwidth  reaching  about  3H0  Hz. 

When  the  value  of  P  readies  3‘ip,  tliere  is  a  small  rediiction  in  sound 
absorption  coefficient  (  at  ttie  resonance  neak,  meanwliile  tlie  bandwidtli 

is  also  reduced  to  below  130  Hz,  Wlieii  t(je  value  ol  I’  is  above  5;. 


batli  the  SDUtid  absorption  cjefficient  at  res^natice  peak  aod  the  band¬ 
width  have  significant  decrease.  \vhen  the  value  of  F  is  above  to 

sound  absorption  cjefficient  drops  appreciably  tliat  the  maximum  value 
is  not  beyond  ^i0-5u^i.  When  the  value  of  P  is  reduced  to  a  certain 
level  (e.g.,  tlie  resonator  will  not  be  sufficiently  effective. 

Therefore,  the  sound  absorption  coefficietit  at  resonance  '>eak  as  well 
as  the  i)andwidtli  are  much  lower  than  those  at  P  =  l-3‘''. 


Figure  "j.k  Sound  absorption  coefficient  of  resjnalors  with 


different  degrees  of  openings  (l) 

(Test  resonator:  Hole  dimension  <(>  lu  mm,  noard 
ttiickness  t  =  J .  o  mm,  cavity  depHi  U  =  1  o*’  mm) 


sounr  acsorrticr. 
coefficient  •'(,  ) 


frecuencv  (Hz) 


Figure  3*5  Sound  adsorption  coefficient  of  resonators  with 
dift’eretit  degrees  oi  openings  (2) 

(Test  resonator:  hole  dimensions  3  mm,  hoard 
thickness  t  =  2.5  mm,  cavit-,-  depth  D  =  1  50  mm) 

It  can  also  be  seen  from  experimental  results  that  ttiere  is  a  shift 
between  resonance  frei]uencv  data  and  theoretical  values  as  calculated 
from  F.:uation  (j.l'j).  i’or  low  degree  of  onetiings,  experimental  values 
are  higher  than  theoretical  values,  and  vice  versa. 


2.  Fixed  degree  of  jjienings  and  cavity  de  .th,  variable  hole  dimensions 
Figure  l.u  shows  the  sound  absori)tion  coefficient  for  resonators  with 
hole  dimensions  between  2-10  mm,  degree  of  openings  20,  cavity  deptli 


D 


1)0  mm,  and  board  thickness  t 


0  mm . 


It  can  Ije  seen  trim  tlie 


figure  tWat,  in  the  range  o  f  2  -  'f’lOmm,  smaller  hole  dimensions  yield 
greater  resonance  bandwidth,  but  the  difference  is  not  a :  prec  iabl e . 
Therefore,  in  this  range,  there  is  no  significant  influence  on  both 
sjund  absor’tion  coefficient  and  bandwidth  due  to  the  changing  hole 
dimensions . 

5.  Fixed  degree  or  openings  and  hole  diameter,  variable  cavity 
depth;  Figure  3.7  shows  experimental  curves  for  sound  absorption 
coefficient  of  resonators  with  cavity  depth  D  =  5-20  cm,  degree  of 
openings  P  =  250,  hole  dimension  ^  10  mm,  board  thickness  t  =  2.0  mm, 
cavitv  depth  D  =  5-20  cj.  As  shown  in  this  figure,  the  resonance 
frequency  shifts  towards  lower  fre({uencies  with  decreasing  cavity  depth 

To  extend  the  bandwidth  of  resonators,  one  can  also  c  (mbine  the 
resonance  cavity  and  resistive  sound  absorbing  materials.  That  is, 
by  filling  the  resonator  with  resistive  sound  absorbing  materials,  the 
sound  absorbing  bandwidth  can  be  extended  through  the  increase  of  tne 
resistance  iti  the  resonance  cavity.  Table  5.0  shows  examples  of  such 
combined  sound  absorbing  structures.  In  general,  with  the  degree  of 
onenings  within  iO''j,  there  are  effects  of  both  resonance  and  resistance 
Uhen  th>  degree  of  o[)enings  is  above  2U^^i,  there  is  almost  no  resonance. 
Under  this  condition,  the  board  with  holes  is  not  a  resonance  structure 
anvmore,  it  is  only  a  wide  surfaced  board  then. 

The  low  freqnencv  sound  absorbing  c na rac te r i s t i c s  can  be  varied 
bv  retaining  a  layer  0 1'  air  behind  the  sound  absorbing  materials.  When 
the  thickness  of  this  air  layer  is  increased,  tne  low  frequenc\  siund 
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absorbing  coefficient  increases,  with  a  moderate  decrease  in  liigti 
freiiuency  sound  absorbirig  coefficient.  When  the  distance  between 
material  and  the  wall  surface  is  just  below  tlie  sound  absorbing 

Coefficient  is  at  its  maximum;  when  the  distance  is  ennal  to  '  the 

sound  absorbing  coefficient  is  at  its  minimum. 

As  indicated  by  experimental  results,  the  effect  due  to  the  air 
laver  is  different  for  sound  absorbing  materials  with  different  thickness. 
The  thinner  tlie  sound  absorbing  material  is,  the  greater  the  influence 
on  sound  absorption  due  to  the  air  layer.  It  is  not  practical  to  have 
too  ttiin  sound  absorbing  materials.  Table  ~y.b  shows  several  exanifiles 
of  suci.  combined  sound  absorbing  structures. 

Sometimes  one  can  use  sound  absorbing  wedges,  as  shown  in  Figure  3,- 
to  obtain  verv  high  sound  absorbing  coefficient. 

Tbe  best  height  of  wedge  h  is  a i'proximu te  1  y  ei;uul  to  one  half  of 
tiie  wavelength  c  o  rres  po  nd  i  ng  to  the  lowest  frei,u(‘nc\'  in  tne  siund  to  he 
absorbed.  Such  a  sound  absorbing  wedge  can  have  a  sound  atisorbing 
coefficient  as  high  as  u.^b,  i.e.,  it  can  abS'rh  the  sound  energs  almosi 
cjmpletely.  If  the  requirement  is  not  so  high,  tlie  wedge  can  be  a  ;i  pro  nr  i<) - 
tely'  sbortened.  The  sound  absorbing  wedge  in  Figure  ~j  •\)  bus  ,)  snind 
absirbing  coefficient  higher  than  O.yu,  starting  from  luu  Hz. 


^  c  .  i 

V. 

Figure  3.^  Sound  Absorbing  Wedges 
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Metallic  sjutid  absorbing  structures  with  ultraline  holes  are 
basically  combined  sound  absorbing  structures  with  cavities  and  metallic 


boards,  which  have  thickness  of  less  tlian  1  mm  and  ultratines  holes 
with  dimensions  less  than  <9  1  mm.  The  degree  of  o;)enings  is  between 
0.5  and  Such  structures  are  basic  acoustic  com;ioneiits  with  both 

sound  resistance  and  sound  mass.  Their  cavities  have  also  tlie  effect 
of  a  sound  capacitor  und  form  a  resonance  system  along  with  the  boards 
with  ultrafine  holes. 

Ma  Ta-You  derived  the  relative  sound  resistance  and  relative  sound 
mass  , respectively ,  for  metallic  sound  absorbing  boards  with  ultrafine 
holes  as  the  following: 


"•a 


0.335  t 

gi  p 

0.294(10-’) 


C.-i) 


(3. nil) 


wiiere  k^,  and  k^  are,  respec  i  ive  ly ,  the  sound  resistance  constant,  and 
rhe  sound  mass  constant: 


k. 


i  + 


+  0.85  — 

t 


0.21  dV  f  . 


(3.-3) 

(3.--M 


Based  on  the  Lnuations  (".nl)  -  (-.n'.),  for  boards  wi  l\i  ver\-  small 
hole  dimensions,  the  r  values  are  greater  than  tcose  with  norm.il  si/t' 
holes,  but  the  m^  values  art;  smaller. 

The  resonanct;  ireiiuenc^  oi  sound  obsortting  structures  w  i  1 1.  iiiarils 
Oi  ultr.ifine  holes  is  the  same  as  that  in  tl.uation  (".It).  Howi.-ver,  in 
this  case  tiie  parameter  **  is 
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**  =  t  +  O.Bd  +  FD,'5, 


(5.-5) 


wtiere  PU/3  is  a  tail  correction  factor,  and  D  is  the  cavity  depth. 

Resonance  sound  absorption  coefficient  is  the  same  as  that  in 

Equation  (3.18),  and  is  generally  above  O.90.  The  absorption  angular 

bandwidth  (batidwidth  multiplied  by  2  ’^  )  is  a  p{irux'ima  te  1  y  e^ual  lo  tiie 

ratio  r  /^m  between  the  sound  resistance  r  and  the  sound  mass  ra  . 

A  A  A  A 

This  ratio  can  he  obtained  from  Equations  ( 3 • -1 ) -( 3 • 24 ) ; 


A 


m . 

A 


1140  k 


(3.20) 


It  can  be  seen  from  Equation  (3.20),  the  snialler  ti.e  hole  dimension 

r  is,  the  greater  r./^m  is.  Therefore,  boards  witti  l.oJi.-  diameters  less 

A 

than  1  mm  can  have  mucn  greater  sound  absorption  handwidtn  llian  those  for 
boards  with  normal  size  holes,  Ttiis  is  one  of  tne  sp'octal  e  ua  rac  te  r  i  s  t  i  c  s 
of  Sound  absorbing  structures  with  boards  of  ultra  fine  holes. 

Extensive  ex|)eriments  indicate  that,  wi.en  tne  tioards  nave  tiiiekness 
t  =  0.2-1  mm.  hole  dimensions  i’0.2-i’l  mm,  and  degree  ot  openings  P  =0.3-'*',. 
the  sound  absorbing  effect  is  relatively  good.  it  is  even  better  when 
P  =  1-2.3''-.  When  t  ^  1  mm,  d^'J’l  mm,  the  sound  absorbing  coefficient 
decreases  af'preciably  witli  too  large  or  too  small  deiiree  of  o'leiiings. 
Experimental  results  on  s  i  tigl  e  - 1  a  ver  sound  absorbing  structures  with 
boards  of  ultrafine  holes  are  shown  in  Table  3.7.  It  can  be  seen  from 
ti.is  table  that  good  sound  ahsorbing  structures  with  hoards  of  ultrafine 
lioles  have  more  than  o  th  i  rd -oe  tave  fre  ,uencv  handwidths.  one  can  also 
ctioose  to  use  double-layer  sound  absorbing  structures  in  order  to  obtain 
greater  nandwidth.  In  this  case  there  are  two  resonance  ,eaks.  TIkj 


resonance  frciueiicies  are; 
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'i.c;ure  3.7  Sound  aLsorptior.  coefficier.1 
board  with  fine  holes 


a.  frecuencv  (Hz) 


seed  float  ion 


b.  sound  absorption  coefficierd 


a  single- lave; 


c.  cavitv  ner 


e.  hole  biarr.eter  1>C.cn".m,  hoard  thickness  t=C.':rr-,  H  =  l“; 

f,  hole  diameter  4>0.fmr;,  board  thickness  t  =  C,:''mn., 
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where  and  are,  res  pec  t  ive  1  y ,  the  frjnt  cavity'  board  thickness, 

the  cavity  depth  and  the  degree  o  l  uienings;  ,  D,,  and  P,,  are,  resuectively , 
the  back  cavity  board  thickness,  the  cavity  de  th,  and  the  degree  oi 
openings  . 

An  t  i -resonance  freiiuency  is 


Figure  j.lU  is  a  schematic  diagram  of  ttie  sound  absorbing  etiarac- 
teristics  01  souble-layer  sound  absorbing  boards  with  ultra] inc  holes, 
such  double-layer  boards,  ti  a noro pria te 1 y  arranged,  can  yield  very 
broad  al;sorntion  bandwidths.  Table  3  •  lists  the  sound  alisirj'tion 
cje.iicient  ior  several  standard  double-laver  boards  w  i  t  ii  uliratiiK'  iioles 
in  combination.  i'rom  this  table,  it  can  be  seen  tiiat  the  tiandwidth  o  I' 
a  o  j  j(j  double-layer  sound  absorbing  structure  witii  boards  ol  uli  ratine 
holes  can  reacti  above  10  1 1.  i  rd -oc  ta  ve  treguoncy  bandwidths. 


Figure  ~j .  lu  Sclie'.iatic  diagram  sbiwinn  the'  s  Minii  ahsiflun- 

c  lia  rac  te  r  i  s  1 1  c  s  of  a  do  u  b  1  e  -  I  a  \  r  sound  ausirhing 
board  witli  ultra  tine  holes. 
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^  5.3  Resistive  Sound  Suppressors 


Resistive  sound  supiiressurs  remove  sound  ttirougli  sound  absorbing 
materials  arranged  along  the  stream  passages.  Figure  3.11  shows 
sim[)lilied  pictures  of  several  resistive  sound  suppressors. 

For  examjjle,  Figure  3.11(a),  (b),  and  (e)  are  the  simplest  tube-type 
sound  suppressors,  which  are  also  referred  to  as  s  tra  igh  t- tliro  ugh  sound 
suppressors.  Their  c  lia  rac  ter  i  s  t  i  c  is  tnat  the  stream  passes  througii 
them  without  changing  directions.  Such  sound  suppressors  have  matiy 
met nods  for  calculation,  e.g.. 


Figure  3.11  Simplified  diagrams  of  s^•veral  resisiive 


sound  suppressors 


1 


ov  E'luation: 


(5. 30) 


(3.51) 


(3.3-) 


(5.33) 


AL  =•  1.1  an,|- •  /  (^Jb); 

o  .  Joule  E 1 1 1  i  a  1 1 o  n : 


(3.3M 


1.085  an,—  •  / 
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(3.35) 


with  —  tue  aMuuut  of  sound  being  su  i.jjressed  ,  db;  F  —  [leriniu  ttir  j! 

tlie  active  ,iarts,  m ;  ^ —  lengtii  jf  tlie  active  parts,  m ;  S  --  t'rjss- 

scctijiial  area  j  1  ttie  active  "arts,  m“ ;  “ —  sjund  absiri'iian  cieiiiciein 

at  ttie  sound  absorbing  materials  (standing  wave  tube  metlijiJ,  normal 

incidence):  “  --  sound  alisorntion  coefficient  of  sound  absorbini: 

'  m 

materials  (sound  mixing  r>om  metiud,  random  incidence). 


The  relationship  between  “  and  <p(a)  is  given  in  Table  5-9 


Table  3.9  Relationship  between  “  and  r(<*) 


a  1 

1  “■* 

0.2 

1  ' 

0.4 

0.5 

0.6 

0.; 

0.8  . 

0.9 

I.O 

9<a) 

0.1 

0.: 

0.35 

0.5 

a.&5 

0.9 

1 

1.2  1 

1.6  ; 

2.0 

4.0 

Among  the  previous  equations,  (5.3-)  and  (3.33)  are  close  to  the 
Belov  equation,  (3.35)  is  close  to  the  Sabine  equation. 

Since  the  Sabine  equation  is  applicable  only  for  the  following 
conditions:  rectangular  tube  passages  with  dimensional  ratio  1:1  -  1:2, 

frequencies  between  123  -  2000  Hz,  tube  cross-sectional  area  approximately 
between  23  -  ^5  cm,  sound  absorption  coefficient  between  0.2  -  0.5  as 
determined  by  sound  mixing  room  method,  this  equation  has  a  relatively 
narrow  range  of  application.  Therefore,  we  will  mainly  discuss  the 
Belov  equation  (3-30). 

Equation  (3.30)  is  derived  by  simplifying  the  theory  on  plane  waves 
under  special  conditions.  It  leads  to  relative’ y  large  discrepancies 
from  real  situations.  The  calculated  values  are  often  greater  than 
experimentally  determined  values. 

From  experiments,  when  a  <  0.6,  theoretical  and  experimental  values 
are  relatively  close;  when  <»>0.6  ,  <p(a)  increases  rapidly  and  theor'=‘t  i  ca  1 

values  become  greater  than  experimental  values.  According  to  experience, 
wtien  a  is  between  O.O-l.O,  =  1-1.5.  Therefore,  by  simplifying 

equation  (3.30)  to  equation  {j.jb),  and  Table  3.9  to  Table  3.10,  there 
will  be  then  a  better  agreement  between  theoretical  and  experimental 


values. 


(do  j  , 


s 

(3.3d) 


Table  3.10  Relationship  between  •  and  »(«) 


( values 

based  on 

experience ) 

« 

0.1 

0.2 

0.3 

0.4 

0.5  O.o  -  1 .0 

0.1 

0.25 

0.^0 

0.55 

0.7  1  -  1.5 

Furthermore,  <p  (a)  is  not  only  related  to  the  sound  absorption 
coefficient,  it  is  also  related  to  the  area  of  the  passage.  When  the 
passage  area  is  larger,  high  frequency  sound  waves  propagate  along 
the  passage  as  a  narrow  sound  beam,  with  little  or  no  contact  with  the 
sound  absorbing  materials.  Consequently,  the  sound  suppression  is 
greatly  reduced.  By  defining  the  upper  limit  frequency  f^  as  the 
freijuency  at  which  the  sound  absorption  effect  shows  drastic  decrease, 
then 


=  Kc/d  (Hz),  (3.37) 

where  K  —  proportionality  constant,  1-2,  taken  as  l.S  generally;  c  — 
sound  speed,  m/s;  D  —  average  perimeter  value  of  the  passage  cross- 
section,  diameter  of  a  circular  cross  section,  m. 

For  frequencies  lower  than  f  ^ ,  the  sound  suppression  can  be  calculated, 
from  Equation  (3.3d),  Theoretical  values  agree  witti  experimental  values. 
For  frequencies  higher  than  f^,  sound  suppression  decreaseh'  signit ic:mtly. 


The  p/s  term  in  Equation  (3*3<j)  is  equal  to  D  for  a 

4 

cylindrical  sound  suppressor.  For  a  square  sound  suppressor,  it  is 
2 

equal  to  4D/D''=4/D;  and  for  a  rectangular  one,  2  ( D, +0^, ) /D,  D., . 

1  ^  1  ^ 


(a)  Circle  (b)  Square 


(c)  Rectangle 


Figure  3.12  The  cross  sections  of  three  types  of 
sound  suppressors 


Therefore,  Equation  (3.3t>)  can  be  reduced  to  the  following  for 
cylindrical  and  square  sound  suppressors: 

(db).  (3.3B) 


and  for  rectangular  sound  suppressors: 

al  -  (db).  (3.39) 

D\Di 


For  example,  in  designing  one  cylindrical  sound  suppressor:  For  a 
sound  reduction  of  25  db,  a  passage  diameter  of  250  mm,  arid  an  average 
sound  absorption  coefficient  a  =0 . 5 ,  what  should  be  the  length  o  1'  the 
sound  suppressor? 

Solution:  We  know  that ae =25  db  and  D=0.25  m.  From  Table  5.10, 

when  a  =0.5,  =0.7,  then  from  Eriuation  (3*5^3) 


I  =.  X  D  _  25  X  0.25 
4(i/(a)  4  X  0.7 


3  m , 


.  2  3  m  . 


L .  e 


the  lengtli  of  sound  suppressor  should  be  selected  as 


The  structure  of  a  tube  type  sound  suppressor  is  simple  and  can 
be  easily  manufactured.  It  also  has  good  aerodynamic  characteristics. 
When  air  flow  volume  is  low,  tube  type  sound  suppressors  are  generally 
used.  When  flow  volume  is  high,  the  cross  section  of  the  passage  has 
to  be  large  to  maintain  low  flow  rate;  the  effect  of  sound  suppression 
is  therefore  reduced  (particularly  for  high  frequencies).  Therefore, 
sound  suppressors  are  often  made  into  bee-hive  or  plate  types  (see 
figure  3.11  (0  ,  ( m)  )  . 

Bee-hive  type  sound  suppressors  are  actually  made  by  combining 
many  small  tube  type  sound  suppressors  in  parallel.  Calculations  can 
be  done  by  Equation  (3.58).  Their  advantages  lie  in  the  good  efficiencies 
for  medium  and  high  frequencies.  However,  with  more  complicated  struc¬ 
tures,  the  resistance  is  higher. 

For  bee-hive  type  sound  suppressors,  each  unit  passage  can  control 
about  dOOxdOO  mm. 

Plate  type  sound  suppressors  are  made  by  combining  a  row  of  rectangular 
sound  suppressors  in  parallel.  Each  passage  is  equivalent  to  a  rectangular 
sound  suppressor.  Calculations  can  be  done  by  Equation  (3-39).  The 
structures  of  such  sound  suppressors  are  not  complicated,  liave  relatively 
good  sound  suppression  efficiencies  at  medium  and  high  f  rec^uenc  i  es ,  and 
do  not  have  too  higti  resistance. 

In  general,  ttie  inter-plate  distance  for  plate-type  sound  suppressors 
should  be  chosen  as  100-200  mm.  The  thickness  of  the  plate,  according 
to  the  freciuency  characteristics  of  tiie  noise  source,  can  be  chosen  as 


In  engineering  applications,  in  order  to  raise  tlie  sound  suporession 
efficiencies  for  higti  frequencies,  the  plate-type  sound  suppressors  are 
often  modified  to  become  bend-plate  type  sound  suppressors  (see  Figure 
3.11(i)).  In  these  type  sound  suppressors,  the  mu  1 1 i -re flee t ions  of  the 
sound  wave  increase  the  opportunity  for  the  sound  wave  to  make  contact 
with  the  sound  absorbing  materials.  This  greatly  increases  the  sound 
absorption  effect,  particularly  at  high  frequencies.  However,  bend-plate 
type  sound  suppressors  have  higher  resistance  than  the  plate-type  ones. 
Bend-plate  type  sound  suppressors  should,  in  principle,  be  "opaque"; 
but  in  order  to  reduce  resistance,  tlie  bending  angle  is  best  at  less 
than  . 

To  further  increase  the  sound  suppression  effect,  maze  type  sound 
suppressors  are  sometimes  used  as  shown  in  Figure  3.11  (g),  (t>).  These 
types  of  sound  suppressors  allow  the  sound  wave  to  have  many  times  of 
normal  incidence,  along  with  multi-reflections.  Sound  reductions  are 
significantly  enhanced.  However,  the  flow  rate  can  not  be  too  high. 
Otherwise,  it  will  j)roduce  strong  re-generated  noises,  and  makes  the 
sound  suppressor  become  useless.  The  resistance  of  maze-type  sound 
suppressors  is  also  relatively  high,  leading  to  a  high  pressure  drop. 

It  is  not  appropriate  in  applications  with  strict  resistance-loss 
conditions. 

In  recent  years,  to  satisfy  high  sound  suppression  efficiencies, 
and  in  the  mean  time  not  to  affect  the  aerodynamic  characteristics, 
sound  suppressors  are  often  made  into  sound  stream  type,  as  shown  in 
Figure  3.11(d),  (e),  (f),  (j),  (k)  and  Figure  3.13. 
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Such  sound  suppressors  have  the  sound  absorbing  materials  in 
sinusoidal  or  near  situsoidal  shapes.  Not  only  do  they  yield  high  sound 
absorption  efficiencies  through  multi-reflections  of  the  sound  wave,  b 
they  also  allow  air  to  pass  through  smoothly.  Therefore,  both  require 
ments  of  high  sound  absorption  efficiency  and  low  resistance  are  met. 
However,  with  more  complicated  manufacturing  processes,  their  prices 
are  higher. 


Figure  3-13.  Schematic  diagrams  of  several  sound 


stream  type  sound  supiiressors 


3  3.^  Reactive  Sound  Suppressors 

The  most  common  reactive  sound  suppressors  include  the  expansion- 
room  type  and  the  resonance  type  sound  suppressors.  Besides,  there  are 
other  sound  suppressors  based  on  interference,  bends,  obstacles,  and 
perforated  plates,  etc.  Their  basic  principles  are  the  applications  of 
appropriate  combinations  of  the  internal  sound  resistance,  sound  capacitance, 
and  sound  mass  of  the  sound  suppressors,  which  either  reflect  the  noise 
back  to  its  source  or  absorb  the  noise  effectively.  Their  functions  are 
very  much  like  the  wave  filters  in  alternating  electrical  circuits. 
Therefore,  they  are  also  called  acoustic  filters.  Their  difference  from 
resistive  sound  sujipressors  is  that  they  have  no  sound  absorbing  materials, 

Table  3.11  Schematic  comparisons  between  acoustic  passages 
and  equivalent  electrical  circuits  for  some 
common  acoustic  systems 
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The  amount  of  sound  reduction  (transmission  loss)  of  a  reactive 
sound  suppressor  is 

time  average  of  incident  sound  energy  {V 

al  =  - ^ -  . 

w 

time  average  of  transmitted  sound  energy  (W^) 

If  the  sound  wave  in  the  passage  of  a  sound  suppressor  is  a  plane 
wave,  sound  pressure  is  much  smaller  than  the  air  pressure;  there  will 
be  no  reflection  at  the  rear  end  of  the  sound  suppressor.  We  can  derive 
the  sound  suppression  equation  under  these  conditions,  along  witti  the 
assumption  that  no  sound  energy  can  pass  through  the  wall  surface  of 
the  sound  suppressor.  (Amount  of  sound  suppression  in  terms  of  trans¬ 
mission  loss,  same  for  the  following).  Let  the  incident  wave  have  a  wave 
function  of  ,  and  the  reflected  wave  have  a  wave  function  of  at 

any  point  in  the  passage.  Since  the  wave  is  a  plane  wave,  then 


<t>.  = 

1  r  c  ’ 

The  sound  pressure  p  and  the  particle  velocity  V  are,  respectively. 


P,  -  p,  =  -,iap,  Ac'*'-'-  -  ?<■*•>  f 


r  “  Po 


dt 

d<t> 

dt 


“  ( .\  /  in  ~  j 
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V - - 

^  dx 


r-.-  _  . 


PoC 


(  ni  /  s  ) 
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The  time  average  of  Incident  sound  wave  energy  is 

(„attj  (J-U) 

where  is  the  complex  conjugate  of  V^. 

From  Equations  (3.^0),  (3.I)  and  (3.^1)  one  can  obtain  the  amount 
of  sound  reduction  (amount  of  sound  suppression)  between  two  points  in 
the  passage: 

(clb)  (3.^2) 

where  Pj^  ^  and  ^  represent,  respectively,  the  forwarding  sound 
pressure  at  point  1  and  point  2  in  the  passage. 

3.4.1  Single  expansion-room  type  sound  suppressor 

The  simplest  reactive  sound  suppressor  is  the  single  expansion- 
room  sound  suppressor,  as  shown  in  Figure  5.14.  For  an  expansion-room 
of  length  li,  small-tube  cross-sectional  area  of  large  tube  cross- 

sectional  area  of  So,  the  expansion  ratio  of  thi.s  sound  suppressor  is 

m  =  S2/Sj  . 
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At  the  entrance  of  the  expansion  room,  x  =  0;  at  the  rear  end, 

X  =  ;  and  at  the  points  of  continuation,  pressures  are  in  equilibrium 

and  the  volume  flow  is  continuous. 


At  X  =  0, 


+  Pi-’  -  Pi*’  +  Pi"’, 

5, (Pi*’  -  Pi->)  -  S.(Pi*’  - 


At  X  =  /, 
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Through 


and 
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Dy  substituting  into  Equation  (3.^^),  one  has 


This  equation  can  also  be  expressed  by  Figure  3.15. 


(5.^3) 


. -riir,  i:.r  z 


Figure  3.15  Sound  Suppress  on  of  Single  E.xiia  ns  io  n-r  o  om 
Sound  Suppressors 
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In  etigineering ,  for  cunvenience.  Equation  (3.^3)  is  often  converted 
into  Table  3.1^^.  It  can  be  seen  from  this  Table  that,  when  the  sound 
suppression  is  determined  by  the  expansion  ratio  m,  the  maximum  sound 
suppression  is  related  to  frequency  as 


“  1 , 

7--- 


It  is  obvious  tlien  that,  when  /,  increases,  the  frequency  f^  with 
maximum  sound  suppression  moves  towards  lower  f  reciu  enc  i  es  .  Figure  3- lb 
sliows  ttie  effect  of  the  tube  length  /,  on  the  sound  suppression  charac¬ 
teristics  of  sound  suppressors. 

It  should  be  pointed  out  that  sound  pressure  valut'S,  rather  tlian 
sound  energy,  are  actually  measured.  The  maximum  value  of  sound  pressure 
at  the  entrance  of  tlie  sound  suppressor  is  +  nut 

Therefore,  the  measured  sound  su  ppre  ss  io  n  AZ,  is  greater  than  the  one 
calculated  from  (3.^3).  Ivhen  and  ^  are  in  jdiase,  it  is  at 

the  maximum.  This  maximum  sound  suppression  is 


AL  =•  lOloR  ;bi_l  + 

"  p<»)' 


1 01o(f 
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+  —  (  m  —  — sin'  1^1, 

2  \  m  ' 


"F  (  m  —  — 'j  sin  ,/l  +  — (  m - -  )  si 

m  -  \  4  \  m  , 


sin'  1(1, 

(  dh  ! 


I  O  .  4  a 


I'rom  the  sound  suppression  one  can  determine-  AE,  witli  the 

correction  curve  as  sliowti  in  Figure  3.17. 
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Figure  3.17  Relationship  between  atid  al. 


At, -At, -A  (db) 

Furthermore,  if  the  inlet  and  exhaust  tube  have  different  lengtlis 
in  their  cross  sections  as  shown  in  Figure  3. IB,  tlien  for  a  single 
expansion-room  sound  suppressor; 


Figure  3. IB 


A  =  1  Olog  —  (  I  +  —  )  cos' 

4  L  \  - 

+  - sin'^/.l  4-  lOlog 

fH-M  ■  J 


I  dh  I  . 


(  7 .  i  3  ) 


3.d.2  Double  expansion-room  type  sound  suppressors  witti  external  connectin 


A  double  expansion-room  tvpe  sound  supfiressor  ivitli  externiil  cjnnectini 
tube  is  stiown  in  Figure  3.iy.  Following  the  same  deduct  ions  as  in  the 
previous  section: 

For  the  cross  section  at  x  =  t) 


^  I’f;  ^  . 
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For  the  cross-section  at  x 


-j.  =  ^+)  ^  pi->^ 

—  P,"^’  —  p,->; 


For  the  cross-section  at  x  =  x^  , 


For  the  cross-section  at  x  =  x,  , 
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Figure  3.19  Double  expansion-room  type  sound  suppressor 
with  external  connecting  tube 


Sound  suppression  is 


(db) 


(5.^b) 


Figure  3.20  shows  the  characteristics  of  one  double  expansion-room  sound 
suppressor  with  external  connecting  tube. 
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Figure  3.20  The  characteristics  of  one  double  expansion- 

room  sound  suppressor  with  external  connecting 


Figure  3*21 

The  lower-limit  critical  frequency  of  a  double  expansion-room 
sound  suppressor  is 


C_ _ 1 _ 

2*  mlJi  +  lj3  (/t  —  /|) 


(Hz) 


(5.^7) 


3.^.3  Double  expansion-room  type  sound  suppressors  with  internal 
connecting  tube 

Figure  3.21  is  a  schematic  diagram  of  an  internally  connected  double 
expansion-room  type  sound  suppressor.  Following  the  same  deductions  of 
Sections  3»^»1  arid  3.^.2,  we  have 


For  the  cross  section  at  x  =  0, 

d('^)  ^  d(“)  -  p(‘^)  ^  p^~) 


p(  +  )  -  p(-)  =  m(pi^)  -  Pi~hl 


For  the  cross  section  at  x  =  x^^  , 

Pj+i  +  f*-}  ,-<«», -1.)  _  p(+) 

+  P5-’  -  Pi*’  +  Pi-’, 

p<+)  _  p<-) 

+  (m-lXPi*’-P5-’); 
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For  the  cross-section  at  x  =  X2  , 

pc-*-)  ,i«l.  +  pj-)  _  p<+.  +  p.-)  p<*,  ^  pj-,^ 

P«+)  ^1.  _  p»-»e-«f.  +  („  _  i)(pi*>  _  p.-)) 


For  the  cross-section  at  x  =  x^  , 

pK+)  +  p}->  .  p«-^»^ 

m  (Pi*’  «'«'•-'•>  -  Pi“’  «-■«'-'>’)  -  Pi*’. 

Due  to  the  total  reflection  at  the  dividing  wall  of  the  two 
expansion  rooms,  we  have 

p(-)  .  Pi+)  gW,^  p<-'  -  p\*>  g-^\ 

Finally , 

P!*’ 

p(4.)  —  «»  2^  —  (m  —  1)  sin  2i^  /,  tan 

~tK"  ■''i)  +(”1  -  Don  V. 

[(-  +  i)c«2V, -{„-!)]} 

-SS]— 0S]- 

Sound  suppression  is 

AL-101og{[Re(p]’+[l«(p]’}  (db)  (5.48) 

which  has  a  same  lower-limit  critical  frequency  as  in  Equation  (5.4 
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This  type  of  sound  suppressors  has  sound  suppression  characteristics 
determined  by  m,  and  large  m  yields  good  sound  suppression; 

/,  and  2J,  determine  the  frequency  characteristics  of  the  sound  suppressors 
With  m  fixed  (m  =  lb),  Figure  3-22  shows  the  dependence  of  sound  suppres¬ 
sion  characteristics  on  the  length  of  the  internal  connecting  tube;  with 
A*  2/„  Figure  3*23  shows  the  dependence  of  the  sound  suppression  charac¬ 


teristics  on  m. 


a.  cr 


•  »  ctllil 


h.  ar.ount  of 
sound 

reHuction  (  It ) 
c.  frequency  ('iz ) 


m-t$  0 


2M  ml 
mm(m>  c. 

Figure  3.2^*  The  effect  of  internal  connecting  tube  length 
on  the  characteristics  of  sound  suppression 
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ao  iot  tot 
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Figure  3.23 


^  r-  ^  -  r  ^  c  c  T'. '  1 1 1  r 


Table  3,13  lists  several  examples  of  low-limit  critical  frequencies  of 
double  expansion-room  type  sound  suppressors 

3.4.4  Improvement  of  frequency  characteristics  for  expansion-room  type 
sound  suppressors 

Based  on  the  discussions  in  the  three  previous  sections,  it  is 
clear  that,  even  though  expansion-room  type  sound  suppressors  have  good 
sound  suppression  properties  in  certain  bandwidths,  they  have  problems 
in  the  existence  of  periodical  transmittable  frequencies.  That  is,  it 
is  possible  for  the  sound  suppressors  to  miss  periodically  noises  with 
certain  frequencies.  Such  sound  waves  can  propagate  directly  through 
without  being  suppressed.  To  overcome  this  difficulty,  one  can  use  the 
method  of  inserting  tubes. 

The  sound  suppression  of  an  expansion-room  sound  suppressor  with 
inserted  tubes  is 


-101og{[Rc(?iy+(Im(?i)]’). 


(5.49) 


where 


Table  3.13  Several  examples  of  lower-limit  critical  frequency  for 

double  expansion-room  type  sound  suppressors 
(c  =  375  m/s,  9=  50°C) 


m 

1,  (*)b 

16 

0.60S 

0.0306 

16 

0.60t  ' 

0.076 

16 

0.608 

0.152 

16 

0.608 

0.306 

16 

0.608 

0.076 

16 

0.608 

0.152 

> 

16 

0.608 

0.306 

16 

0.608 

0.655 

A 

0.J04 

0.152 

9 

0.306 

152 

16 

0.912 

0.655 

H  <»)C 


r 


Figure  Schematic  diagram  showing  inserted  tubes  in 

an  expansion-room  type  sound  suppressor 


- - - r  {4»ncos*(/,  —  /,) 

Vt/  4m(l  +  CO* 

+  (.Sm  —  1 )  cos  (/,  4-  /i) 

+  (m  +  0  cos  ^  (/,  —  3  /,)). 


{2(m'  +  I)sin4(/,  —  /,) 


where 


4m  (I  4  cos  2;^/,) 

+  (2m'  —  m  4  1 )  sia  (/,  +  /,) 
4  (m  4  I )  sin  {  (i,  —  3/,)}, 


incident  sound  pressure  of  sound  suppressor;  P^  —  transmitted 


sound  pressure  of  sound  suppressor;  m  —  expansion  ratio;  ii  —  length 
of  sound  suppressor;  It  —  length  of  inserted  tube. 

According  to  Equation  (3.49) >  when  the  inserted  tube  in  a  single 
expansion-room  type  sound  suppressor  has  a  length  of  (l/2)/,  ,  it  can 
eliminate  the  passage  of  frequencies  0»/2/)c  (o>0,  integers)  with  n 
being  odd.  When  the  inserted  tube  has  a  length  of  (l/4)  iv  ,  it  can 
eliminate  the  passage  of  frequencies  with  n  being  even.  This  way,  by 
inserting  one  tube  into  the  single  expansion-room  sound  suppressor  with 


(1/4) 


another  tube  into  another  end  with  (l/2) 
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one  can  obtain  the  sound  suppression  curves  for  non-passing-through 
frequencies . 

To  eliminate  passing-through  frequencies,  one  can  also  use  a  com¬ 
bination  of  several  expansion  rooms  with  different  lengths,  as  shown 
in  Figure  3.25. 


Figure  3.25  Sound  suppressor  based  on  a  combination  of 

several  expansion  rooms  with  different  lengths 

In  this  way,  the  passing-through  frequencies  are  different  for  each 
expansion  room.  With  several  sections  in  combination,  the  sound  suppres¬ 
sion  curve  can  become  more  flat.  However,  since  there  are  overlapping 
effects  between  different  sections,  we  can  not  calculate  the  amount  of 
sound  suppression  by  addition. 

Figure  3*2b  is  a  schematic  diagram  of  the  frequency  characteristics 
of  a  modified  expansion-room  type  sound  suppressor.  It  can  be  seen  that 
not  only  the  over-all  sound  suppression  curve  is  flat,  the  amount  of 
sound  suppression  is  also  relatively  large. 

In  engineering  applications,  to  avoid  the  loss  due  to  a  sudden 
change  in  cross  sections,  plates  with  drilled  holes  are  often  used  to 
connect  the  expansion  rooms,  as  shown  in  Figure  3.27. 

In  this  case,  the  degree  of  openings  is  required  to  be  above  50^'>. 
This  way,  for  sound  waves,  one  can  control  the  frictional  loss  variation 
due  to  the  sudden  changes  of  passage  cross  sections,  but  not  affect  the 
sound  suppression  efficiencies.  As  far  as  air  stream  is  concerned,  it 
is  the  same  as  the  addition  of  one  section  of  wall  surface  with  through 
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holes.  The  passage  frictional  loss  is  much  lower  than  that  from  the 

sudden  changes  of  cross-section. 

Figure  3.26  Schematic  diagram  of 
the  sound  suppression  frequency 
characteristics  of  a  modified 
expansion-room  type  sound  supp¬ 
ressor  . 

Key: 

a .  Schematic  diagram 

b.  Amount  of  sound  reduction  (db) 

c.  Remarks  on  each  section 

d.  Sound  siqjpression  characteristics 
of  the  first  expansion- room  (in¬ 
serted  tube  with  length  /, ) 

e.  Sound  suppression  characteristics 
of  the  second  expansion- room  (in¬ 
serted  tube  with  length  A ) 

f.  Resonance  curves  of  inserted  tube 
with  length  ;  its  peak  frequency 
value  is  the  same  as  that  trans- 
mittable  with  odd  order  in  the 

-characteristics 

g.  Resonance  curves  of  inserted  tube 
with  length  /. ;  its  peak  frequency 
value  is  the  same  as  that  trans- 
mittable  with  even  order  in  the 

-characteristics 

h.  Resonance  curves  of  inserted  tube 
with  length  /,  ;  its  peak  frequency 
is  the  same  as  that  transniittable 
with  odd  order  in  the  'i -characteristics 

i.  Resonance  curves  of  inserted  tube  with  length  i, ;  its  peak  frequency  is  the  same 
as  that  transmittable  with  even  order  in  the  -characteristics 

j.  Canbined  sound  suppression  characteristics  between  the  first  and  the  second 
e.xpansion  room 

k.  Overall  sound  suppression  characteristics  curve 


Figure  3.27  Schematic  diagram  of  e.xpansion  rooms  connected  by  loards 
with  through-holes  <.-«»/♦ 


3.^.5  Resonance  sound  suppressors 

Figure  3«2B  is  a  schematic  diagram  of  a  resonance  sound  suppressor. 
Its  passage  tube  is  connected  to  ttje  Helmholtz  resonator.  According  to 
the  theory  in  Section  3.2.2,  when  the  sound  wavelength  is  sufficiently 
long  as  compared  to  the  dimensions  of  sound  suppressor,  the  air  column 
inside  tube  I  can  be  considered  as  an  uncompressed  mass  component,  called 
the  acoustic  mass  m,,  equivalent  to  the  electrical  inductance.  The 
friction  and  resistance  in  the  neck  are  called  the  acoustic  resistance 


r. ,  equivalent  to  the  electrical  resistance.  The  air  inside  the  cavity 
V  can  be  considered  as  an  undisplaced  elastic  component,  called  the  acoustic 
capacitance  c^,  equivalent  to  the  electrical  capacitance.  Frcm  Table  3.11: 


(3.50) 

5 

f  mm  *■  ■■■'** 

(3.51) 

1* 

V 

^4-— 3. 

(3.52) 

Figure  3*28  Schematic  diagram  of  a  resonance  sound  suppressor 

sound  energy  propagated  through  the  passage  of  a  sound  suppressor  is 
absorbed  due  to  resonance.  The  resonance  frequency  fj,is  determined  by 
Equation  (3.14).  When  the  sound  wavelength  is  sutiiciently  large  as  compared 
to  the  dimensions  of  the  resonator,  one  can  obtain  tlie  amount  of  sound 
suppression  (amount  of  sound  reduction)  for  a  single  cavity  resonance 
sound  suppressor: 
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sectional  area  of  the  passage  of  sound  suppressor;  p —  air  density; 
c  —  sound  speed;  V  —  volume  of  resonator;  f  —  frequency  of  the  sound 
to  be  suppressed;  f^  —  resonance  frequency; 

G  —  -  the  degree  of  transmission;  (3.54) 

I —  neck  length  of  the  resonator;  d  —  hole  diameter  of  the  resonator; 

S  —  hole  area. 
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Resonance  frequencies  are  determined  from  Equation  (5-l^). 
In  calculating  the  amount  of  sound  suppression,  =  G  is 

often  substituted  into  Equation  (3-1^)  to  obtain 

(3.55) 

The  amount  of  sound  suppression  at  resonance  frequency  is 


AL 


I0k>g|l  iLJ-J>2S I 
201c.g[l  +  i]  (db) 


(3.5b) 


Calculations  of  the  acoustic  resistance  r^  for  resonators 
are  very  complicated.  Under  general  conditions,  when  there  are 
no  resistive  type  sound  absorbing  materials  near  ttie  neck, 
acoustic  resistance  is  small  and  can  be  ignored.  Therefore, 
Equation  (5.53)  can  be  converted  into 


ALw 


10  log 


-lejj 


(db) 


(5.57) 


Few  of  the  resonators  in  engineering  applications  have  only 
one  hole.  Most  of  them  are  structures  based  on  combinations  of 
sound  absorbing  boards  with  multi-holes.  Calculations  of  their 
sound  suppression  are  the  same  as  Equation  (5.57),  but  ttie 
G-value  is 

G  -  ^  - 

I  +  0.8J  (5.5^) 

where  n —  number  of  holes;  t —  tl.'ickness  of  tlie  board  with  holes 
The  amount  of  sound  suppression  for  resonance  sound  sup()res 


sors  is  shown  in  Figure  3.-9. 


‘  !  I  I  1  !  :  ‘ 

u  i'-r  Ht-- — ^ 

Vr-n  j  j  i  !  i  I  :  ■ 


frequency  ratio  (7^) 

Figure  3.29  Sound  suppression  curves  for  resonance 
sound  suppressors 

Equation  (3.57)  is  for  the  sound  suppression  of  pure  tones. 
Sometimes  it  is  necessary  to  calculate  the  amount  of  sound  suppres' 
sion  for  a  given  frequency  band. 

The  amount  of  sound  suppression  AL  for  an  octave  band  is 
AL  =  10  log  (It-  2K")  db,  (3.59) 

(3.00) 

2f, 

tiie  sound  suppressions  for  its  two  neighboring  octave  bands  are 

o  , 


AL  = 

10 

log 

(1  + 

bK"A9)  db, 

(3.0I) 

■octave 

band , 

AL  = 

10 

log 

(1  + 

19  K^)  db. 

(3.02) 

'  neighboring 

third 

-octave  bands: 

AL,  = 

10 

log 

(1  + 

2K“)  db, 

(3.59) 

ALo  = 

10 

log 

(1  + 

0.b7K“)  db. 

(3.03) 

AL-  = 
0 

10 

log 

(1  - 

O.olK'")  db, 

(3.0A 

= 

10 

log 

(1  + 

bK~/%9)  db. 

(3.03) 

To  make  calculations  convenient,  Equation  (3.59),  (3.t>l), 
(3.62),  (3.64),  and  (3.05)  are  expressed  in  terms  of  Table  3.14. 

For  example:  Design  a  resonance  sound  suppressor  for  an 
exhaust  pipe  with  its  inner  diameter  as  10  cm,  such  that  the 
sound  suppression  is  15  db  for  the  octave  band  with  its  central 
frequency  as  125  Hz. 

Solution:  Sound  suppression  A L  =  15db,  resonance  frequency 

/  /  s  2  2 

f^  =  125  Hz,  passage  cross-sectional  area  Fj  =  (  -  ^)10  cm  . 

By  substituting  the  L  value  into  Equation  (3. IS)  or  from  Table 
3.14  we  have 

15  =  10  log  (1+  2K^) ,  K  =  4. 

Substituting  the  G  value  in  Equation  (3.55)  into  Equation 
(3.hO), 

K  =  (.,  GV/2Fj)  =  (2^fj./c)(v/2Fj), 

V  =  (c/2  ■'f^)(2KFj^)  =  (34000/2-^x  125)  x  2  x  ('’/4)10“ 

=  13600  cm^. 

Based  on  the  re(iuired  volume  V  of  the  resonator,  a  concen¬ 
tric-cylindrical  resonance  sound  suppressor  can  be  designed. 

With  its  inner  diameter  still  to  be  10  cm,  the  outer  shell  tube 
diameter  is  30  cm,  ani,  the  length  of  the  cavity  is  22  cm.  From 
Equation  (3.55), 

G  m.  V  -  X  13600  -  7.23. 

\  e  /  \  34000  / 


Table  3.14  Calculation  Table  for  sound  Suppression 
at"  various  frequency  bands  for  resonance  sound 
suppressors 


1.0  1.5  I  2 


loT^'l  +  2Af>l 


I01o«  [I  +  lOK’] 


18.6  I  ;o  ; 


22.6  I  25.1  i  27  |  2S.5  |  31  I  33 


0.5  I  0.3  I  1.5 


10  lo«  f  l+S/^l  K 


— 

10  to(  [1  +  0.672f’]  ! 

0.5 

1.0 

.... 

1 

i 

8.5  ;  10. .5  !  12.5  !  H 


10  lo*  [I  +  0..V,;<>J 


a.  tvpe  of  band 

b.  octave  band  and  ttie  nearest  neiglibor  third  octave  band 

c.  third-octave  band 

d.  the  nearest  neighbor  octave  band  and  the  fourth  nearest 
neighbor  third-octave  band 

e.  the  second  nearest  neighbor  third-octave  band 

f.  the  third  nearest  neighbor  third-octave  band 


By  selecting  the  inner  wall  thickness  t  =  2  mm  and  hole  diameter 
=  3  ram,  then  substituting  them  along  with  the  G  value  into  Equation 
(5.3s),  the  number  of  holes  can  be  obtained: 


G(t  +  0.8i)  G(t  +  0.8^)  ^  Gjtld  +  0.8) 


-  ^  -  •  - 

7.23(0.2/0.5  4-  0.8)  _  -y-. 


— “y  0.5 

■  4 

By  evenly  arranging  the  22  holes  across  the  inner  wall  of  the 
resonance  sound  suppressors,  the  purpose  of  sound  suppression 
can  be  achieved. 

To  arrive  at  higher  sound  suppressions,  one  can  use  reson¬ 
ance  sound  suppressors  in  series,  yielding  multi-room  resonance 
sound  suppressors.  Their  sound  suppressions  are 


iL.  -  S.6!.  W  .»h  I 


f,  f 

Ub), 

(3.  Ob) 

where  N —  room  number;  li —  length  of  the  connecting  tube  between 
two  neighboring  rooms;  K  =  2^f^,/c. 

Resonance  sound  suppressors  are  sometimes  made  in  a  concen¬ 
tric  tube  style  for  engineering  applications  (see  Figure  3-30). 
Their  sound  suppressions  (sound  reductions): 


lOIog  I  1  “f" 


ih._ 

kG  Sh  '' 


)]■ 


(5.b7) 


where  S. —  cross-sectional  area  of  the  small  hole;  F, —  area  of 
h  1 

tlie  inner  tube  passage;  —  cross-sectional  area  of  the  con¬ 
centric  cavity;  h —  length  of  the  cavity,  “  y  if  hole  is 

near  t»ie  middle  of  tlie  cavity;  G —  rate  of  transmission.  If 
there  is  only  one  hole,  calculation  is  done  following  Liiuation 
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(3*5^);  for  n  holes,  following  Equation  (5.5S). 

Multi-hole  concentric  resonance  sound  suppressors  are 
shown  in  Figure  5.31- 


Figure  3.30  Concentric  tube  Figure  5.31  Schematic  dia- 

type  resonance  sound  sup—  gram  of  multi-hole  concen- 

pressors  trie  resonance  sound 

suppressors 

3.4.0.  Interference  sound  suppressors 

Interference  sound  suppressors  are  based  on  the  principle 
of  sound  wave  attenuations  due  to  interference,  as  sliown  in 
Figure  3.5-.  A  side  tube  is  built  into  the  main  passage,  to 
allow  a  portion  of  the  sound  energy  to  be  diverted  through  it. 

If  the  difference  between  the  length  of  this  side  tube  and 
the  main  passage  length  ‘  is  equal  to  one-half  of  the  wavelength 
(or  odd  multiples  of  the  ha  1 f-wavelengtn )  ,  then 

4  “  /  +  y  (2f>  +  1)  n  =  1,  2,  5>  ...»  (5.0b) 

When  the  two  sound  waves  meet,  due  to  their  opposite  phases, 
the  sound  energy  can  be  greatly  reduced. 

Interference  sound  suppressors  are  suitable  only  for  well 
tuned  sound,  and  the  sound  suppression  efficiencies  are  good  only 
if  the  tune  is  stable  and  not  changing. 
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Figure  3.32  Schematic  diagram 
of  interference  sound  sup¬ 
pressors 


Figure  3.33  Reflection 
of  a  sound  wave  at 
interface  of  two  media 
with  differetit  acoustic 
resistances 


3.^.7  Sound  attenuations  induced  by  perforated  screens,  elbows, 
and  drastically  changed  cross-sectional  areas 

When  sound  waves  propagate  and  encounter  perforated  screens, 
elbows,  or  drastically  changed  passage  cross-sectional  areas, 
the  situations  are  equivalent  to  cnanges  of  acoustic  resistances. 

When  sound  waves  reach  an  interface  involving  different 
acoustic  resistances,  a  significant  portion  of  sound  energy  is 
reflected  back.  This  reflection  is  similar  to  tiiat  of  a  light 
wave  when  it  encounters  an  interface  with  different  dielectric 
constants,  as  shown  in  Figure  3.53. 

Perforated  screens:  Perforated  screens  are  acoustic  com¬ 
ponents  combining  acoustic  mass  and  acoustic  resistance.  In 

Figure  3.3^>  when  the  distance  between  holes  is  greater  than  the 

•  > 

diameter  of  the  holes,  the  acoustic  impedance  per  area  a*"  is 


Zw  —  +  iu>m4. 


(5.'^y) 
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where  r,  and  m,  are  defined  in  Equation  (3.50)  and  (5.51).  They 
A  A 

can  be  more  specifically  written  as 


(3.70) 


"•j, 


2 

S  =  a  ;  t  =  screen  thickness;  t; 
3 


(3.71) 

where  5,  —  j,f»;  s  =  a~;  t  =  screen  thickness;  7;  —  viscosity 
coefficient,  ri  =  1.5b  x  10~^in‘‘/sec  for  air  under  standard  con¬ 
ditions. 

With  n  holes,  the  acoustic  impedance  is  equal  to  l/n  times 
the  impedance  for  a  single-hole. 

It  should  be  pointed  out  that  the  two  equations  above  are 
applicable  only  for  r(m)  ^  r<10/f. 

Figure  3.35  and  3.3b  give  the  experimental  data  of  sound 
reduction  induced  by  perforated  screens.  These  experiments  yield 
tlie  sound  reduction  values  as  determined  by  the  inserted  tube 
method  in  a  sound  suppression  room  and  with  a  stable  pressure 
sound  source. 
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Figure  3.3^  Structures  of  perforated  screens 


35  sound  suppression  curves 
s 

ated  screens;  hole  diameter  0 
ess  t=2mmj  degree  of  openings 
ce  between  screens  =  10cm 


Drastic  changes  in  cross-sectionai  areas:  as  shown  in 


Figure  3.37,  for  S,  :  Z  -  pcSi,  for  Sc,:  Z  =  pcS„  i.e.,  the 
acoustic  impedance  changes  from  pcS,  to  pc S,.  from  Sj  to  S,,. 

Sound  suppression  follows  Equation  (3.^3). 

Elbows:  AS  shown  in  Figure  3.56,  sound  waves  are  reflected 
by  the  tube  wall  at  the  elbows.  The  degree  of  noise  reduction 
is  related  to  the  angle  of  the  elbows,  the  tube  dimensions, 
and  the  wavelength.  If  the  tube  is  equipped  with  sound  absorbing 
materials,  the  efficiencies  are  even  better  at  high  frequencies. 

Table  3.15  lists  the  estimated  values  of  sound  reduction 
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Figure  3.37  Drastic  changes 
in  cross-sectional  areas 


Figure  3.36  A  90°  elbow 
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Table  5.15  Estimated  values  (db)  of  sound  suppression 


a.  surface  without  sound 
absorption 

b.  surface  with  sound 
absorption 

c.  non-regular  incidence 

d.  plane  wave  incidence 


3.^.8  Sprinkling  sound  suppression  [31] 

By  evenly  sprinkling  water  towards  noise-producing  steams, 
one  can  also  achieve  a  certain  sound  suppression  effect.  This  is 
called  the  sprinkling  sound  suppression.  The  principles  are  as 
follows : 


1.  The  density ^ and  sound  speed  c  of  the  medium  change 
after  being  sprinkled.  This  causes  a  ciiange  in  acoustic 
impedance,  and  the  reflections  of  the  sound  waves. 

2.  The  friction  produced  during  the  mixing  of  two  media 
causes  ttie  dissipation  of  energy,  and  reduces  a  portion  of  the 
sound . 


If  there  is  no  heat  transfer  between  steam  and  water,  and 
the  mixture  is  also  a  homogeneous  fluid  with  density  p and  elastic 
modulus  L,  then  the  sound  speed  is 

/I- 

y  lrEj  +  (l  +  x)E,]lxp,  +  (I  —  T)n_.]’  (5,72) 
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where  p, — water  density;  Pi  — steam  density;  — water  elastic 

modulus;  — steam  elastic  modulus;  x — volume  percentage  of 

water;  c — sound  speed  of  the  mixture. 

The  reflection  coefficient  is  determined  by  E,uation  (1.14). 
It  can  be  re-written  here  as 


ra 


pc  — 

pc  -h  p,CjJ  ' 


(3.75) 


where  pc — mixed  parameter  of  water  and  steam;  ptc,  — steam  para¬ 
meter. 


Figure  3.39  The  effect  of  sprinkling  to  steam  on 
sound  speed  and  reflection  coefficient 

Figure  3.39  shows  the  relationship  between  the  volume  ratio 
of  water  and  steam  and  the  sound  speed  of  the  mixture.  It  also 
shows  the  relationship  between  this  volume  ratio  and  the  reflec¬ 
tion  coefficient  r^ .  It  can  be  seen  that,  as  sprinkling  increases, 
sound  speed  decreases.  When  the  amount  of  water  approaches  tnat 
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of  steam,  sound  speed  decreases  to  a  limiting  value.  The 

reflection  coefficient  increases  with  increasing  sprinkled 

water  volume.  The  increase  in  r  is  slow  when  the  volume 

o 

-5  -3  , 

ratio  is  between  10  -10  ?a.  It  increases  fast  when  r  is 

0 

above  10~^. 

Sound  suppression  (sound  reduction)  due  to  sprinkling  is 

aL  —  201og +  lOlog  — ^ —  (db).  (3-7^) 

(>1^2  1 

Figure  3.^0  shows  the  sound  suppression  curves  corres¬ 
ponding  to  various  amounts  of  water  sprinkled  to  steam. 

Figure  3.^1  is  a  schematic  diagram  of  the  structures  of 
sprinkling  sound  suppressors . [31] 

;(3.5  Resistive-reactive  combined  sound  suppressors 
and  perfora ted-ti 1 es  sound  suppressors 

To  have  good  sound  suppression,  effect  over  a  broad  frequency 
range,  one  can  use  resistive-reactive  combined  sound  suppressors 
(figure  3.^-).  Figure  (3)~(c)  are  expansicn-room-reactive 

combined  sound  suppressors;  Figure  3*42  (d)-(f)  are  resonator- 
reactive  combined  sound  suppressors;  Figure  3.^^(g)  is  a  per¬ 
forated  screen-reactive  combined  sound  suppressor;  Figure  3.^i-(h) 
is  a  perforated  screen,  elbow-reactive  combined  sound  suppressor. 


\olume  ratio  of  water  to  steam 

Figure  3*^0  Sound  suppression  at  various  rates  of 
spri nkl ing 
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^  exhaust  tube 

automatic  regulator  _  multi-hole  cylindrical  box,  inner-wall 

.-'holes  for  exhausting  gas 


water  supply  tube 


valve 


y 


4H 


cylindrical  box  (with  its  area  greater 
than  that  of  the  exhaust  tube) 

exhaust  inlet 


Figure  3.^1  Sprinkling  sound  suppressors 

Perforated-tile  sound  suppressors  based  on  a  structure  of 
perforated  tiles  are  good  sound  suppressors  having  both  intrinsic 
resistive  and  reactive  characteristics.  They  have  much  better 
frequency  ctiaracteristics  than  those  for  common  resistive  type 
sound  suppressors. 

Metallic  perforated  sound  suppressors  are  made  of  pure 
metal,  thin  plates.  Therefore,  thev  can  sustain  high  tempera¬ 
tures,  stream  impact,  oily  mist,  and  water  bubbles.  These 
behaviors  are  very  important  for  aerodynamic  equipment  with 
special  requirements.  Besides,  since  they  do  not  have  powders 
as  often  produced  by  multi-hole  sound  absorbing  materials,  tliey 
are  particularly  suitable  for  advanced  air  conditioners  which 
require  clean  sound  suppression  systems. 


2Q7 


/ 


^  u> 


Figure  5.42 

Schematic  diagrams  of  several  reactive- 
combined  sound  suppressors 

a . 

reactive 

(expansion  room] 

b. 

reactive 

('  resonator! 

c . 

reactive 

(screen  with  holes) 

d. 

resistive 

(perforated  sound - abso rb i ng  materials) 

Perforated-tiles  have  low  degrees  of  openings,  dense  and 
small  holes,  and  low  frictional  coefficients;  therefore, 
resistive  loss  is  low  for  sound  suppressors  of  tliis  type. 

one  can  also  use  perforated-tiles  as  sound  suppressor 
components,  which  can  tlien  be  combined  with  multi-hole  sound 
absorbing  materials,  expansion-rooms,  resonance  cavities, 
perforated  screens,  etc.  Many  different  types  of  combined 
sound  suppressors  based  on  perforated-tiles  can  be  made  to 
solve  the  noise  problems  of  aerodynamic  equipment  under 
different  conditions. 

Figure  3*^3  stiows  sciiematic  diagrams  of  several  perforated 
tile  sound  suppressors  and  combined  units  with  perf o ra t ed -t i 1 es 
Figure  3.^^  and  3.^3  sttow  the  experimental  data  on  sound 
suppression  for  two  perforated  tile  sound  suppressors. 


Relationship  between  the  air  flow  rate  and  the 
sound  reduction  properties  of  sound  suppressors 

When  air  flows  through  sound  suppressors  witti  high  veloci¬ 
ties,  It  affects  significantly  the  sound  reduction  properties. 

For  a  sound  suppressor  with  good  sound  reduction  characteristics 
at  static  and  low  velocities,  high  air  flow  rates  can  greatly 
deteriorate  its  effectiveness.  With  poor  design  or  construction, 
not  only  that  sound  reduction  can  not  be  achieved,  a  sound  sup¬ 
pressor  can  even  become  a  noise  amplifier  for  certain  frequencies. 

Figure  3.^t>  and  Figure  3.^7  are  the  sound  reduction  curves 
under  various  flow  rates  for,  respectively,  the  tube-type  per¬ 
forated  plate  sound  suppressor  (abbr.  perforated  sound  suppressor) 
and  the  tube-type  sound  suppressor  with  glass  cotton  (abbr. 
cotton-type  sound  suppressor).  Their  structures  are  schematically 
shown  in  Figure  3*^S  and  Figure  3-^9. 


Figure  3.^b  Sound  reduction  curves  at  various  flow 
rates  for  a  2-ra  long  perforated  sound 
suppressor 
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Perforated-type  sound  suppressors  use  perforated  plates 
having  the  dimensions:  plate  thickness  0.5  mm,  hole  diameter 
(j)  0.5  mm,  degree  of  opening  front  cavity  10  cm,  back 

cavity  4  cm.  Cotton-type  sound  suppressors  have  sound  absorb¬ 
ing  materials  with  the  following  specifications:  density  30  kg/m^, 
thickness  14  cm,  perforated  plate  hole  diameter  <1)8  mm,  plate 
thickness  1  mm,  degree  of  opening  20<i.  Their  sound  absorption 
coefficients  as  determined  by  a  tube-testing  method  are  listed  in 
Table  3.10. 

Table  j.lo  Sound  absorption  coefficients 

a .  frequency  (Uz ) 

b.  sound  absorption 

coefficient 

c.  material 

d.  perforated  plates 
e  .  glass  cotton 

Measurements  are  made  in  wind  tunnels.  rigure  5.50  shows 
the  wind  tunnel  and  testing  setup.  Two  wind  generators  are  used. 
Their  technical  parameters  are:  wind  volume  5000  ra'’/hr,  wind 
pressure  1500  mm  water  column. 

The  testing  point  is  selected  near  the  wind  tunnel  outlet, 
at  a  horizontal  distance  of  5  from  the  outer  diameter.  Noise 
values  are  first  determined  without  the  sound  si.^ipres  so  r ,  and 
re-measured  after  sound  suppressors  are  installed.  The  difference 
in  the  two  noise  values  is  the  sound  reduction  quantity  due  to 


the  sound  su[)pressors . 
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The  testing  point  is  located  outside  tlie  sjund  suppressor 


to  avoid  interference  of  high  speed  stream  to  microphones. 

This  also  agrees  with  the  actual  situations,  other  methods 
including  those  based  on  semi-sound-mixing  room  and  insert- 
loss  have  been  used.  They  are  not  accurate  because  of  the 
noise  radiation  effect  of  the  tunnel  shell. 

Sound  also  comes  from  the  centrifugal  blower.  At 

5  cm  from  the  wind  tunnel  outlet,  the  total  sound  pressure 
level  and  the  A-sound  level  of  the  wind  tunnel  are  both  at 
about  110  db. 

Based  on  these  measurements;  [32] 

1.  The  sound  reduction  decreases  with  increasing  wind 
velocity.  Particularly  for  the  cotton-type  sound  suppressors, 
at  high  velocities,  the  sound  reduction  becomes  negative. 

a  . 

b. 

c  . 

d. 

e . 

f . 


wind  tunnel 


first  sound  suppressor 
second  sound  suppressor 
microphone 


automatic  recorder 


spectrometer 


Figure  3.50  Schematic  diagram  showing 

the  testing  setuji  for  sound 


suppresso  rs 
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Figure  5-51  shows  the  relationship  between  log  v  and  the 
average  sound  reduction  aL,  of  tl»e  two  tvpes  of  sound  suppressors 


It  can  be  seen  that  they  are  very  much  linearly  related.  An 

empirical  equation  can  thus  be  derived: 

For  perforated-type  sound  suppressors, 

AZ,,  —  75  —  341og»'  ("db) 

120  ^  V  ^  20  m/sec 


For  cotton-type  sound  suppressors, 

AZ.,  —  102  —  54Iogp  (db) 
120  ^  1/  ^  20  m/sec 


(5.73) 


(3.70) 

a.  sound  reduction  (db) 

b.  perforated-plate  sound 
suppressors 

c.  medium  f  reijueiic  ies 

d.  average  values 

e.  high  freiiuencies 

f.  glass  cotton-tvpe  sound 
suppresso  rs 


J  iHiiro  3.31  Curves  st.owinc  the  relationships  befwecMi 

y 


At,  and  Jog  V 


From  Figure  3.^fc>  and  Figure  3.^7,  it  can  be  seen  that  the 
average  sound  reduction  has  the  tendency  of  decreasing  with  in¬ 
creasing  flow  rate  v.  It  can  also  be  seen  that,  as  flow  rate 
increases,  the  flow  rate  effect  is  much  smaller  for  perforated- 
type  than  for  cotton-type  sound  suppressors. 

From  Equations  ( 3.73)-(3.7b) ,  it  is  obvious  that  the  AL  —  logp 
curve  has  a  slope  K  =  3^  f'ir  perforated-type  sound  suppressors 
and  K  =  5^  for  cotton-type  sound  suppressors.  Consequently, 
with  increasing  flow  rate  v,  the  drop  in  sound  reduction  is 
much  faster  for  the  latter  than  for  the  former. 

Judging  from  the  numbers,  when  the  flow  rate  is  20  m/s,  both 
sound  suppressors  have  average  sound  reduction  close  to  30  db. 
When  the  flow  rate  is  50  m/s,  perforated-type  sound  suppressors' 
average  sound  reduction  decreases  only  by  10  db,  while  cotton- 
type  sound  suppressors'  average  sound  reduction  decreases  by 
l-’O  db.  When  the  flow  rate  is  SO  m/s,  the  former  decreases  by 
JO  db,  while  the  latter  decreases  by  30  db  with  a  null  sound 
reduction.  When  tl)e  flow  rate  is  100  m/s,  tbe  former  still  has 
an  average  sound  reduction  of  5  db,  but  the  latter  produces  a 
negative  3-^  db  average  sound  reduction.  At  higher  tlian  100  m/s, 
tlie  former  has  J-3  db  in  average  sound  reduction,  and  the  latter 
produces  a  negative  <3-9  db  average  sound  reduction. 

In  the  range  of  50-bO  m/s,  when  the  flow  rate  doubles, 
perforated-type  sound  suppressors  have  their  sound  reduction 
decreased  bv  about  13  db.  For  cotton-type  sound  suppressors, 
tbe  sound  reduction  decrease  is  about  10  db. 
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Based  on  the  actual  sound  reduction  effect  of  sound 
suppressors  (Table  3*17),  it  is  more  obvious  that  sound  reduc¬ 
tion  decreases  with  increasing  flow  rate.  The  table  also 
illustrates  the  different  flow  rate  effect  for  the  two  types 
of  sound  suppressors. 


Table  3.17  Sound  reduction  )  at  various 

flow  rates 


a.  flow  rate  (m/s)  b,  sound  reduction  (db) 

A 

c.  types  d.  perforated-type  sound 

e.  cotton-type  sound  suppressors 

suppressors 


From  these  analyses  it  can  be  concluded  ttiat,  under  high 
speed  streams,  perforated-type  sound  suppressors  have  much 
better  sound  reduction  properties  than  cotton-tvpe  sound  sup¬ 
pressors  . 

2.  With  increasing  flow  rate,  the  effect  on  sound  reduction 
disappears  with  increasing  length  of  sound  suppressors:  For 
perforated-type  sound  suppressors  at  flow  rate  of  70  m/s  and 
for  cotton-type  sound  suppressors  at  flow  rate  of  30  m/s,  the 


217 


average  sound  reduction  is  the  same  (about  10  db)  for  both  2-m 


and  l-m  long  sound  suppressors.  In  other  words,  at  these  two 
flow  rates,  stream  noises  have  become  the  major  factors;  the 
sound  reduction  results  will  not  be  enhanced  anymore  by  leng¬ 
thening  the  sound  suppressors.  Therefore,  the  designed  length 
of  sound  suppressors  and  flow  rates  should  be  appropriate. 

a.  sound  reduction  (db/m) 

b .  m/s 

c.  frequency  (1000  Hz) 

d.  mineral  cotton 

e 

lU  P.4 

c  • 

F’igure  5.5-  Functional  relationship  uexweeri  sound 
reduction  at  various  flow  rates  and  fre(;ueiicv. 

10  cm  thick  mineral  cotton  is  attached  to  one 
inner  side  of  the  tube. 

Several  foreign  authors  [53-5bJ  have  made  iiigh  flow  rate 
sound  reduction  projtertv  tests  on  reac l i ve-t vpe  sound  suppressors 
iielmholtz  resonator  sound  suppressors  (with  and  without  the 
addition  of  resistive  components),  and  exjia  ns  i  o  n-room  t\ pe 
sound  supiressors.  Ttie  results  indicate:  ..s  shown  in  ;"i:.ure 
3.5-  and  Figure  5.33,  f -» r  sound  suppressors  with  perforated 
materials  witli  or  wittiout  ttie  addition  of  multi-hole  lovers, 
tile  sound  reduction  decreases  with  increasing  flow  rate. 
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AS  shown  in  Figure  5-5^>  similar  results  occur  for  expansion- 
room  type  sound  suppressors.  For  Helmholtz  resonators  with  im¬ 
pedance,  the  results  are  basically  the  same.  The  maximum  value 
of  sound  reduction  decreases  with  increasing  flow  rate,  and 
moves  towards  higher  frequencies,  as  shown  in  Figure  3.55.  For 
Helmholtz  resonators  without  impedance,  the  maximum  value  of 
sound  reduction  also  decreases  and  moves  towards  higher  fre¬ 
quencies  as  flow  rate  increases,  as  shown  in  Figure  3.5h.  however, 
at  high  speed,  sound  signals  are  enhanced  at  certain  frequencies. 


a.  sound  reduction  (db/m) 

b.  wind  velocity 

c.  m.'s 

d.  mineral  cotton 

e.  frequency  (1000  Hz) 


Figure  3.53  Functional  relationsliip  between  soutid 
reduction  at  various  flow  rates  and  frequencies. 

Six  cm  of  mineral  cotton  covered  with  perforated 

gypsum  i)lates  are  attaclied  to  the  two  wider  sides 

of  the  passage. 
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••  100  3. 

Figure  'j.jk  lie  la  t  i  orisli  ip  between  sound  reduction  at 
various  flow  rates  and  frequencies  for  expans  ion- room 
type  sound  suppressors 

(a) - without  stream  (b) - v=10  m/s  (c) - v=_0  m  s 

(d) - v  =  30  m,"s  (e) - v=^()  m/s 


Figure  3.33  Re  1  a  t  i  j  nsli  i  p  beiwocn  s  Mind  reduction  at 
various  flow  rates  and  frequencies 

one  side  of  tio'  lube  has  a  .lel'nhjli/  resonai  ^r  ivit\i 
impedance.  The  resonaljr  is  •' j  n  s  >  me  t  ed  j  f  [cr- 
firated  plates  and  divided  back  l  ax  ilies.  cl  IK 
fabric  is  tiai,tl\’  wrapiped  in  frinl  jf  the  small 
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Ttie  main  reason  for  the  stream  effect  on  sound  reduction 
properties  is  the  re-generated  noise  induced  wtien  air  flows 
through  the  sound  suppressors. 

As  stated  in  chapter  2,  when  a  stream  encounters  obstacles 
in  its  propagation,  it  will  form  eddy  currents.  This  is  tiie 
main  cause  for  the  regeneration  of  noise  in  sound  suppressors. 

The  sound  reducing  components  in  sound  suppressors  can  not  be 
very  smooth.  Sometimes  for  the  purpose  of  adjusting  ttie  sound 
resistance  in  the  passages,  the  cross-sec t ions  of  sound  sup¬ 
pressors  are  intentionally  made  with  changing  diameters,  bending, 
and  perforated  screens.  Therefore  at  low  velocities,  regenerated 
noise  is  not  vet  obvious.  But  at  high  velocities,  since  the 
sound  power  {ycc«V  .  can  not  ignore  the  regenerated  noise 

thus  produced.  At  tiigh  velocities,  perfo  ra  ted-tv'pe  sound  sup¬ 
pressors  have  much  lower  regenerated  noise  than  ootton-tyiie 
sound  suijpressors  of  the  same  model.  The  main  reason  is  tliat 
perforated  plates  with  low  degree  of  opening  and  small  and  dense 
holes  have  a  mudi  smaller  resistance  coefficient  §  than  that  for 
glass  cotton  covered  surface  with  high  degree  of  openitig  and 
large  and  rough  holes. 

on  the  jttier  hand,  under  tlie  impact  of  hi<rli  velocitv  streams, 
tlie  components  and  tube  walls  of  rh.e  sound  suppressors  will 
vibrate.  a>stem  resonance  can  sometimes  occur.  Vith  the  for¬ 
mation  of  solid-regenerated  noise,  sound  sup[iressors  will 
amj>lify  noise  of  certain  f  rei|  uenc  i  es  , 


Furthermore,  when  ttie  flow  rate  reaches  very  large  values, 
jet  noise  will  form  at  tiie  outlet  and  inside  sound  suppressors. 
The  sound  power  iVocv'.  At  this  time,  the  high  noise  levels 
produced  by  the  high-velocity  streams  themselves  greatly  over¬ 
come  the  sound  reduction  achieved  by  the  sound  suppressor.  The 
latter  becomes  not  effective. 

In  addition,  the  sound  reduction  pattern  change  inside  a 
sound  suppressor  as  produced  by  the  stream  flow  can  also  affect 
the  sound  suppression  properties  to  a  certain  degree.  For 
instance,  for  resistive-type  soiitid  suppressors,  a  simjjle  quanti¬ 
tative  expression  is 

(3.77) 

i  'T*  .Vf 

where  AL — sound  reduction  at  flow  rate  p;  al,  — sound  reduction 
witiiout  flow;  W  y  --  Mach  number.  When  M«1  , 

— - — «.  1  —  M. 

1  +  M 

Therefore,  Ihiuation  (5.77)  can  be  simplified  to 

AL-AL, -MAL,  (db),  (3.7r) 

i.e.,  when  >/ «  i  ,  the  decrease  in  sound  reduction  is  purelv 
determined  by  the  Macli  number  M. 

'igure  5.57  and  Figure  5-5^  show  the  variations  of  sound 
reduction  with  stream  flow.  It  can  be  seen  that,  wuen  the  smnd 
j)ropagation  direction  is  the  same  as  tlie  stream  flow  direct  im. 
sound  reductions  at  low  and  medium  fre<|uetK’\-  ranne.s  r]  er' t-ra  s  >■ 
according  to  Equation  (3.7*?)  with  increasinc  flow  rate.  '..hi'n 
the  sound  propagation  direction  is  opposite  to  the  stream  flow 
direction,  sound  reductions  at  low  and  merJium  frequencN’  rnno''s 
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increase  with  increasing  flow  rate.  At  the  tiigh  frequency 
range,  sound  reductions  decrease  to  below  those  at  no  stream 
flow.  Since  wlien  the  sound  propagation  direction  is  opposite 
to  the  stream  flow  direction,  M  value  is  negative,  the  aL  value 
in  Equation  (3.7b)  increases.  Therefore,  it  can  be  said  that 
wind  velocity  is  not  advantageous  to  reduce  exhaust  sound.  It 
is  advantageous  to  sound  suppressors  at  tlie  inlet. 


a  . 
b. 


sound  reduction  (db/m) 
frequency  (lOOu  Hz) 


Figure  3.'37  Resistive-type  sound  suppressors:  variations 
of  sound  reduction  when  the  sound  propagacion  direction 
is  the  same  as  the  stream  flow  direction 


Figure  3.3b  Resistive-tyj)e  sound  suppressors:  variations 


of  sound  reduction  when  tlie  sound  propagation  direction  is 
opposite  to  the  stream  flow  direction 


It  cati  also  be  seeu  from  Equation  (3.7b)  that  the  sound 
reduction  decrease,  which  arises  from  tlie  variation  of  sound 
reduction  pattern  inside  sound  suppressors  caused  by  the  stream 
flow,  is  of  the  same  quantity  level  as  the  Mach  number  M.  For 
example,  within  a  wind  velocity  of  50-dO  m/s,  the  sound  reduction 
change  is  1.5-2fa.  For  a  resistive-type  sound  suppressor  with 
sound  reduction  of  30-40  db,  this  only  yields  an  effect  of  5-&  db. 

For  resonance  sound  suppressors,  with  stream  flow,  ( cwo 
Japanese  workers)  [35]  gave  the  sound  reduction  equation: 


AL  *  lOIog 


(1  -  My  +  16(1  -  MO  F.M  ■ 

1  +  ^  ■  3*  ' '  : 


(<ib) 


(3.79) 


wtiere  M — Mach  number;  Ej^ — cross-sectional  area  of  sound  suppressor; 
n — hole  number  of  resonator;  a — small  liole  radius  of  resonator; 

V — volume  of  resonator;  G — transmission  rate. 

Figure  3.59  snows  the  theoretical  and  experimental  values 
of  sound  reduction  for  resonance  sound  suppressors  under  lO-pO 
m/s  flow  rate. 

(one  Japanese  worker)  also  gave  the  effect  on  sound  reduction 

due  to  stream  flow  for  expansion-room  type  sound  suppressors,  fob] 
The  ma  tlieraa tica  1  formula: 


AL-  I01og[l  sin'(/^/)]  (db),  (3.bO) 

where  m,  =  m/(l+mM)  is  the  equ  i-ef  f  ec  t  ive  expansion  ratio;  in  — 
expansion  ratio;  M — Mach  number.  The  experimental  results 
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(theoretical  values  and  experimental  data)  are  shown  in  figure 

3.54. 

From  such  analyses  one  can  realize  that  sound  reduction 

for  sound  suppressors  is  not  constant.  In  noise  control,  the 

actual  sound  reductions  for  sound  suppressors  depend  mainly  on  the 

intensity  of  the  noise  source,  tlie  sound  reduction  characteristics 

of  the  sound  suppressors,  tlie  intensity  of  regenerated  noise,  as  well 

as  the  level  of  ambient  noise  at  the  outlet. 

Assume  that  the  inlet  noise  level  for  a  sound  suppressor  is 

L.,  the  noise  level  at  the  outlet  is  L  ,  regenerated  noise  level 
X  •X 

is  L  ,  and  ambient  noise  level  at  the  outlet  is  L  ;  then 
T*  3 

1.  When  Lg »  Lj,  (for  more  than  10  db),  the  regenerated  noise 

has  no  effect  on  the  sound  reduction  properties  of  the  sound  sig^pressors. 

Under  this  condition  the  measured  sound  reduc t io n  al  =  L-  -  L  is 

X 

the  actual  sound  reduction  of  the  sound  suppressor. 

-.  When  L^,  the  regenerated  noise  lias  a  certain  effect 

on  the  sound  reduction  of  the  sound  suppressors.  .-Xn  approximate  value  of  the 
actual  sound  reduction  can  be  obtained  after  corrections  are  made: 


W  hen 

L  >  L  , 

&.L  =  L. 

- 

-  AL 

0  r 

1 

0 

gam. 

w'h  e  n 

L  <  L  , 

AL  =  L. 

-  L 

-  AL 

0  r  ’ 

1 

r 

gam; 

AL  is  determined  from  Table  1.1  and  Figure  1.4  of  this  book, 

gam 

3.  When  (for  more  than  10  db),  the  regenerated  noise 

has  significant  effects  on  the  sound  reduction  properties.  The 
sound  reduction  of  a  sound  suppressor  is  only  aL  =  -  L^. 
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under  this  conditiun,  due  to  the  regenerated  nuise,  the  suund 
level  at  the  outlet  of  a  sound  suppressor  will  not  decrease  and  a 
sound  reduction  effect  can  not  be  achieved;  even  the  length  of 

sound  suppressor  is  increased. 

4.  In  any  case,  the  noise  level  as  measured  at  the  outlet 
of  sound  suppressors  must  be  » (for  more  than  10  db).  other¬ 
wise,  due  to  the  interference  of  ambient  noise,  the  sound  reduc¬ 
tion  can  be  accurately  measured.  The  effectiveness  of  sound 
suppressors,  even  it  is  very  good,  can  not  be  demonstrated. 


In  summary,  in  designing  sjund  suppressors,  one  has  to 
consider  the  intensity  of  noise  sources,  the  effect  of  stream 
flow  rate,  as  well  as  factors  such  as  the  ambient  noise  at 
the  locations  of  application.  These  problems  are  very  com- 
plicated„  and  need  detailed  analyses  based  on  actual  conditions. 

In  general,  for  sound  suppressors  used  in  a ir-condi tioning 
units,  the  intensity  of  noise  sources  is  not  high.  The  required 
noise  level  in  applied  locations  is  very  low,  and  the  resistance 
loss  requirement  is  also  stringent.  The  flow  rate  inside  the 
sound  suppressors  should  be  kept  under  10  m/s.  I'or  sound  sup- 
l)ressors  witli  good  aerodynamic  characteristics  (such  as  perfjrated 
plate  sound  suppressors),  the  flow  rate  can  be  controlled  below 
15  m/s . 

Fur  the  inlet  and  exhaust  sound  suppressors  for  blowers, 
air  compressors,  and  combustion  gas  rotating  mactiinery,  since 
the  noise  source  intensity  levels  are  relativelv  high  (more  tnan 
10  db)  and  the  requirement  on  noise  intensities  in  the  areas  of 
application  is  not  very  strict  (e.g.,  required  to  be  less  ti. an 
yo  db(A)),  the  flow  rate  inside  sound  supjiressors  can  be  con¬ 
trol  led  to  below  jO  m/s. 

For  internal  combustion  machinery  atid  jack-hammers,  since 
tne  noise  source  intensity  is  liigh  and  the  requirement  v  n  noise 
control  is  strict,  compounded  witii  the  fact  tuat  tiie  ambient 
noise  levels  are  also  high,  ll<e  flow  rate  can  he  allowed  to  below 
5tj-t)U  m/s  . 
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For  sound  suppressors  with  high  pressure  and  la rge -vo 1 uroe 
exhaust,  since  their  own  noise  levels  ore  high,  the  air 
voluase  is  large  and  no  people  work  in  the  vicinity  the  flow 
rate  can  be  controlled  based  on  actual  conditions  (the  distance 
from  residential  areas  and  working  locations,  etc)  to  below 
30-00  ra/s. 
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Chapter  ^ .  Appl ications  of  Sound  Suppressors 
5^.1  Sound  Suppressors  for  Gas  Exhaust 

The  ^as  exhaust  system  has  noises  with  high  sound  level,  broad 
frequency  spectrum,  and  wide  area  of  influence.  Therefore,  the 
required  sound  suppressors  need  to  be  those  with  large  sound  sup¬ 
pression  volume  and  broad  frequency  spectrum  for  sound  suppression. 
Meanwhile,  because  of  the  large  flow  volume  and  high  pressure,  the 
suppressors  should  also  tiave  the  effect  of  pressure  reduction  and 
volume  expansion,  thus  to  reduce  the  pressure  drop  for  gas  exhaust. 

Due  to  the  different  flow  volume,  pressure  and  medium,  the 
designs  of  sound  suppressors  have  to  be  different  in  different  cases. 
For  instance,  for  model  K-230-bl-l  air  compressors  (intake  gas  flow 
volume  q  =  250  ra'^/second,  exliaust  pressure  F  =  b  atmosphere),  strong 
noises  are  produced  at  total  exhaust.  Near  the  exhaust  opening 
(at  0.2  m) ,  both  the  total  sound  pressure  level  and  A-sound  level 
reach  137  db.  The  frefjuency  spectrum  is  more  pronounced  at  medium 
and  high  frequencies,  and  the  spectrum  is  very  broad,  seriously 
CO  nta  imina  t  ing  the  surroundings.  liowever,  after  installing  sound 
suppressors  on  the  exhaust  tube  as  shown  in  Figure  ^.1,  at  U.2  m 
from  the  exhaust  opening,  the  total  sound  pressure  level  and  the 
.\-sound  level  of  the  noise  reduce  to  ':?o  db  and  7-  db,  respectively, 
with  good  sound  suppression  effect.  There  is  no  more  effect  at 
the  neighl)oring  areas.  une  can  make  normal  co  nversa  ti  ons  near  Hie 
exiiaust  opening. 

Kesist ive-reac tive  combined  pressure-reducing  sound  suppressors 
nave  two  sections.  The  first  section  is  for  reactively  filtering 
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waves  and  reducing  jiressure  and  expanding  valume.  Sound  waves 
lose  part  of  tlie  energy  through  reflections,  when  encountering  the 
sudden  change  in  cross-sectional  areas,  perforated  plates,  obstacles 
elbows,  etc.  (Figure  ^.2  shows  the  effect  of  this  section).  Mean¬ 
while,  the  high  pressure  and  high  speed  gas  from  the  air  compressors 
becomes  one  with  lower  pressure  and  lower  speed  (outlet  speed  is 
about  10  ra/second)  due  to  continuous  pressure  reduction  and  volume 
expansion.  This  process  reduces  the  noise  to  a  certain  degree. 

The  second  section  is  a  resistive  type  sound  suppressor.  The  plates 
have  thickness  of  bO  mm,  and  a  separation  distance  of  120  mm.  It 
has  better  effect  towards  high  and  medium  fretiuency  range  noises. 


a.  direction 


Figure  ^.1  Reactive-resistive  combined  sound  suppressor 
for  air  com pressor  exhaustion 


1.  steel  tube  $  219xb ;  2.  steel  tube  j>  323x7  

b  holes  80,117  holes  23  (uniformly  arraniy.ed  in  six 

rows);  3.  steel  tube  329x0  -- —  1100,  1 '»  holes  <■■^0,133 
holes  1^30  (uniformly  arranged  in  3  rows);  h,  steel  plate 
133  holes  <p  30  uniformly  arranged;  3-  perforated  steel 
plate  8,  degree  of  opening  200,  ttiickness  1.0  mm;  o.  glass 
fiber:  7.  dividing  plates 


Figure  k.'J  Reactive  wave  filtering  and  pressure  reduction 
and  volume  expansion  section. 

1.  effective  section  with  sudden  change  in  i  ross  se-  tioti 

2.  effective  parts  of  perforated  plates 

3.  effective  parts  of  elbows 

4.  effective  parts  of  screens 

ble  '1.1  Lvaluation  table  of  reac  t  i  ve-re  s  i  s  i  i  v<  i  jranimd 
sound  suppressors  for  air  compressor  exhaust  (ti;siin!i 
location;  0.2  ra  from  the  exhaust  opening) 


<i  .  jjrfssurt’  {  a  imos  j/tiere  ,  ^auge  prfssurt:*) 

1).  M  jw  vulutne  (m^  raitiute)  o  .  t  r»'(j  ut-iu  >•  li  .  Ii  i  iiti  ,  ni»'iJ  i  um 
f .  lav*  t,  noise  If'Vel  (db)  betore  install  ii.g  sjund 
su[jiressjrs  g.  noise  level  Idb)  alter  i  ns  l.i  1  1  i  in:  s  njtu) 
sujipress  J  rs  ti .  sournJ  redueiun  (<lb) 

labli-  '<.1  shows  tlie  sound  reduction  eli«*ct  oi  t  (;  i  s  t  ^  j.e  of 
sound  suppresso rs  under  different  pressures  and  flow  rates.  It 
can  lie  seen  tliat,  without  ttie  sound  suppressors,  ttie  noise  level 
increases  with  increasing  exhaust  pressure.  i  t  h  sound  sujiprt'sso  rs  , 
hec'ause  ’  their  effect  of  grtiduallv  reducing  pressures,  the  noise 
level  hec  jiiies  independent  of  tlie  pressure  v.nriation.  I'lis  elninates 
the  noises  caused  bv  tlie  sudden  ct.ange  in  pressures. 

for  air  compressors  with  flow  rates  larger  tiian  t  tia  t  of  tiie 
model  similar  tv]ie  of  sound  suppressors  he  used  fir  the 


►•xliuust  b\stH(r.  n:»vevcr,  tlie  liimnrisijns  need  tj  be  iticrensed,  cjii- 
trjlliiiw  ttif  fljv.  r.'i  t  e  ;i  t  tilt?  exiiaust  jjienid^  tj  be  lO-ju  n  secjbd. 

1  )r  sn;iM-sinl(‘  .1 1  r  c  jin  p  r  e  s  s  j  r  s  ,  the  re.|uire(l  sjiiiui  suppressors 
are  'nii(  h  simpler  (  t’ j  r  exiituple,  Figure  ’*.5). 


Figure  h.'  3-nitid  suppr*‘ssjr  for  sm.i  1  1 -se,)  1  e  air 
!•  jiiipr“ssL)  r  fx'uius  t 

;s  (■  jiTtpu  r<-‘(l  I  I  iir  (!  )  a;  p  r  e  s  s  j  r  s  ,  bljuers  liuve  Ijwer  pressure 

'  1 1  -  ri  d  ,  1 1 11 1  1  u  r  i:  e  r  f  I  ju  e  j  1  u"e  ,  p,i  r  t  1 ''  11 1  <i  i'  1  v  IF)  r  1  u  rg  e  -  S('  a  1  e  b  1  j  e  r  s 

(•‘.g..  till’  blivers  used  in  t.ill  t'urnaces  1' >  r  steel  mills)  ivitli  I'ljw 
rules  js  high  ns  1 '  )n( )- in)  uj  m  ’  minute,  i.e.,  f))! ,  <  ujO-ll’F) ,  0()0  lijur. 

rhetr  extinust  noises  >  n  n  reneb  IJi)-!')'*  db(,',)  vith  brood  fret|uenrv 
sjieetrntr.  ind  wide  oren  under  influence.  pie  influence  con  somet  ii.es 
r'Mcli  Severn!  kiloneters.  ftierefore,  itic  dimensions  of  t  be  e\iinust 
souri)!  siijipressors  need  to  be  c  0  rrespoiid  i  ng  1  y  l.irger- 

.'igure  1.1  is  tlie  sc  b  enio  t  1  (;  dingrnm  of  the  siruituri's  if  i^xbaust 

vTilve  Sound  suppressor  for  Model  M-’o'^-nl  turbine  liliwer  (  flow  viIutu 
=  tJl'i  m’  min,  f  .  =  1  .  t.'  otrnospbere,  |>  =  l.n  a  i  m  o  s  pbe  re  )  <  Ibis 

Sound  supi>ressor  was  designed  by  tlie  I’eijinn  >iunicipol  liorkers’ 
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Metallurgical  Institute.  Its  structure  tias  also  two  sections.  The 
first  section  is  a  resonant  reactive-resistive  comhined  sound  sup¬ 
pressor.  Its  basic  component  is  a  diamond-shape  sound  suppressing 
structure  (see  Figure  A. 5),  with  one  side  being  a  resonance  cavity 
and  another  being  sound  absorbing  materials.  Tlie  resonance  cavity 
IS  divided  into  sixteen  small  compartments,  witli  the  design  liased 
on  the  frequencies  needed  to  be  removed.  Sucli  a  diamond-shape  sound 
suppression  structure  has  good  effect  for  a  relativel>'  broad  fre- 
■  ^uency  band.  The  second  section  is  a  bend-plate  t\'pe  resistive 
sound  supjiressor.  It  suppresses  sound  through  the  sound  absorbing 
materials.  The  bend-plate  arrangement  is  for  ttie  pur])ose  of  inducing 
repeated  reflections,  wtiile  sound  wave  propagates  through  the  passage 
thus  increasing  the  loss  of  sound  energy.  The  sound  suppression 
effect  is  then  raised. 

n 

a.  fiberglass  ux 

b.  resonance  cavitv' 


\ 

it 

,  asn 

I'iiiure  .  'i  Sound  suppressor  for  a  tall  furnace’s  (■\haiisi  valve 


daviti"  such  a  sjutid  su{i[iressor  installed  an  the  exhaust  valve 
jf  ttie  MaiJel  K'*-30-ol-l  blower  with  4)l'iOU,  tiie  noise  droj)s  apjireciably 
it  total  exhaust,  near  the  exhaust  opening,  the  noise  drojjs  from 
151  db(A)  to  sT  db(A)  ;  at  sma  1 1 -vo  lume  extiaust,  tlie  noise  mere  drops 
from  1  Lj  1  .  0  db(A)  to  o9  db(A).  Furthermore,  at  two  meters  awa\'  from 
the  exhaust  opening,  one  can  make  normal  conversations.  The  effect 
on  environments  is  already  very  small. 


a .  fiber  glass  s  cm 
I) .  perforated  steel  i»late 
degree  jf  opening  p  =  i;U‘ 
[ilate  thickness  “  =  mm 


Fi-^ure  9.  ;  Scliematic  iliagram  of  a  resonance  sound  suppressor 
1  .  c,ivit\  distance,  mm  d,  resonance  frciiuence 

im 


e  .  number  of  tio  1  es 


f.  nole  diaiiicMer. 


Figure  shows  the  sou. id  suppression  effect  curves  fur  euch 

fre(iueticy  buru)  (octave  band)  for  the  abo  ve-men  t  io  ned  sound  sujiiiressor 
ai  different  flow  rates. 


:o  - 

cl - ^ : :  ■  ■  ■■ 

125  rSu  5oy  ^  ,k  {*.  Sk 

I, 

Figure  ^ .  o  Sound  suppression  effect  curves  for  the  extiaust 
valve  sound  suppressors  on  Model  K42o0-oi-l  blowers 

1.  sound  suppression  curve  for  total  e.xbausi 

2.  soutul  suppression  curve  for  sraall-volume  exiiaust 

r'igure  A.  7  shows  another  example  of  large-scale  blower  exhaust’s 
sound  suppressors.  This  kitid  of  sound  suppressors  have  tlje  |)assage 
in  the  form  of  helix.  The  helix  and  the  wall  surface  are  padded 
with  9  cm  tliick  glass  fiber,  covered  witti  jierforated  steel  plates. 
Sound  waves  are  alisorbed  over  several  times  through  normal  and  side 
faces  inside  tlic  helix.  They  are  greatly  reduced.  The  gas  flows 
along  the  helix  upward  to  exhaust.  This  kind  of  sound  su(!pressors 
can  rt.Miuce  tlie  noise  of  blower  exhaust  valve  to  ~jO-hO  db. 
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Figure  4.7  another  example  of  large-scale  blower  exhaust's 
sound  suppressors 

In  recent  years,  large-scale  blowers'  exhaust  systems  utilize 
sound  suppressors  in  the  form  of  ground  hole  filled  with  gravel 
(see  Figure  4.s).  The  sound  su(>pression  effect  is  also  good.  Uhen 
the  stream  passes  through  the  sound  suppressing  hole,  with  volume 
expansion  and  reducing  s[)eed,  it  passes  through  the  gaps  between 
gravel  with  slow  speed  of  several  meters  per  second.  The  gravel 
reflect  tiie  noise  sound  many  times,  dissipating  greatly  the  sound 
energy.  They  also  change  the  pressure  drop  from  a  sudden  drop  to 
gradual  drop.  By  utilizing  sucii  kind  of  sound  suppression  on  Model 
K-4250  and  K-3250  large-scale  blower's  exhaust  svstem,  sound  reduc¬ 
tion  reaches  'jO  dl)(A)  .  The  original  exhaust  noise  of  13<^-140  db(Aj 
is  reduced  to  below  90  db(A).  Small  volume  exnaust  noise  is  as 
low  as  0O-70  db(A).  Sometimes  they  can  be  even  lower  than  the 
factory's  ambient  noise. 

Figure  4.3  is  the  gra ve I -gro und  hole  type  sound  suppressor 
for  large-scale  blower's  exhaust  system. 
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For  small-scale  blowers  (flow  rate  at  several  hundred  m^/minute) 
one  can  use  tube-type  sound  suppressors,  tube  type-expansion  room 
combined  sound  suppressors,  or  tube  type-resonance  combined  sound 
suppressors  (see  Figure  3-11  (3),  Figure  3-^i2  (a),  (b),  (c),  (e), 
etc.). 


Figure  ^.9  An  example  of  exhaust  Figure  4.10  Another  example 
sound  suppressor  for  medium-  of  exhaust  sound  suppressor 

scale  blowers  for  medium-scale  blowers 

Vhat  should  be  ttie  magnitude  of  controlled  flow  speed  in  tiie 
exhaust  sound  suppressor  for  blowersV  If  it  is  too  low,  tlie  dimen¬ 
sions  of  the  sound  suppressor  will  be  too  large  for  large  flow  volumes. 
If  it  is  too  high,  ttie  re-generated  noise  will  affect  tlie  efficiency 
of  the  sound  suppressor.  In  general,  tlie  flow  speed  for  blowers' 
exhaust  system  should  be  controlled  to  below  jO  ui  s .  If  the  require¬ 
ments  on  dimensions  are  more  stringent,  and  the  exhaust  pipe  is  higu 
above  ground  (e.g.,  above  5  m),  then  the  flow  speed  can  he  higher, 
however,  the  highest  si'ced  should  not  be  more  than  jO-hO  m/s. 
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a.  tiny-hole  perforated  plate 

b.  perforated  plate 

c.  fiber  glass 


Figure  4.11  Schematic  diagram  of  exhaust  valve  sound  suppressor 
for  the  Model  Lb4  Rotz  blower  (Q  =  5000  m^/minute) 


a.  sound  reduction  (db) 

b.  before  sound  reduction, 
near  exhaust  opening 

c.  after  sound  reduction, 
near  exhaust  opening 

d  .  db 

e.  frequency  (ilz)  e. 

Figure  4.12  Effect  of  sound  reduction  of  tlie  exhaust  valve 
sound  suppressor  for  the  Rotz  blov/er 

The  controlled  flow  speed  for  sound  sujjpressors  is  also  related 
to  the  buildings  (offices,  residential)  near  the  exhaust  outlet  and 
with  strict  noise  requirements.  If  ttie  requirements  are  not  strict, 
flow  rate  can  be  higher.  utherwise,  even  the  dimensions  of  sound 
suppressors  are  large,  the  flow  speed  should  still  be  reduced  as 
much  as  possible. 

The  exhaust  system  for  boilers  in  generation  facilities  has 
the  characteristics  of  large. flow  volume  (as  iiigh  as  several  tens 
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of  tons  per  hour),  high  pressure  (as  high  as  100  atmosphere),  large 
noise  pollution  area  (sometimes  reaching  several  tens  of  kilometers), 
and  high  water  content  in  the  exhaust  steam.  Therefore,  the  sound 
suppressors  are  required  to  be  strong  and  durable,  not  susceptible 
to  imi>act,  water  corrosion.  Xot  only  do  they  reduce  sound,  tliey  also 
allow  pressure  drop  and  volume  expansion. 

Figure  4.13  is  the  schematic  diagram  for  the  exhaust  sound 

suppressor  for  a  certain  generation  facility's  medium  pressure 

<■> 

boiler  (pressure  at  51  kg/cm“).  This  kind  of  sound  suppressor  can 
reduce  tlie  boiler's  exhaust  noise  by  about  20  db.  (The  initial 
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Figure  4.13  cacliematic  diagram  for  the  exhaust  sound 
suppressor  for  a  certain  generation  facility’s 
medium  pressure  boiler  (through  hole  diameter  of 
10  mm ) 
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Figure  4.1^  Sound  reduction  effect  curves  for  the  exhaust 
sound  suppressor  for  a  certain  generation  facility's 


medium  pressure  boiler 

1.  noise  frequency  spectrum  for  a  certain  medium 

pressure  boiler's  exhaust  - 

2.  noise  frequency  spectrum  of  the  exhaust  after 
installing  sound  suppressor 


testing  point:  1  m  from  the  exhaust  opening,  at  ^5 
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noise  sound  level  at  and  1  m  from  the  exhaust  opening  is  137-5 

db).  Figure  ^.14  shows  the  sound  reduction  effect  curves. 

Figure  4.15  is  the  schematic  diagram  for  the  exhaust  sound 

suppressor  for  a  certain  generation  facility's  high  j^ressure  boiler 
•  > 

(95  kg/cni“).  It  has  the  same  principle  as  that  for  Figure  l.lj. 

They  both  utilize  the  sound  suppressor's  continuous  cli.inge  in 
reao t i ve-res i s t i ve  properties,  and  the  continuous  pressure  reduction 
and  volume  expansion.  Because  of  the  large  flow  volume,  l)igh  pres¬ 
sure,  therefore  the  sound  sujjpressor  has  large  diaiensions  and  many 
stages . 

Such  a  sound  suppressor  can  reduce  exhaust  noise  by  2U-50  dh. 
The  structure  has  tliree  sections,  with  the  gas  passage  cross  sec¬ 
tions  increasing  in  steps,  i.e., 

F_  =  1.25{f'  +  f”)  =  F-  =  1.25(Fj  +  r,".)  =  1.25  F^  , 

t  M 

where  is  tlie  cross-sectional  area  of  tube  i:  -  i-  ,  is  the 

total  holes'  area  of  tube  1:  F_  is  the  ring-shape  area  between  tube 

1  and  tube  2;  F,  +  F,  is  the  total  holes's  area  of  tuh»,>  2:  F-  is 
4  4  ) 

the  ring-shape  area  between  tube  2  and  tube  3. 


In  general,  the  boiler's  exhaust  tubes  for  generation  facilities 
are  installed  on  top  of  buildings,  more  than  10  m  from  the  ground. 

After  sound  reduction,  and  also  attenuated  over  a  distance  more  than 
10  m,  the  boiler's  exhaust  noise  is  already  not  very  strong  on  the  grouna. 
If  the  sound  suppressor  as  shown  in  Figure  4.1b  is  used,  the  sound 
reduction  can  be  even  higher  (more  than  40  db(A)). 

For  boiler's  exhaust,  one  can  also  use  the  spraying  sound  sup¬ 
pressors.  For  instance,  the  spraying  sound  suppressor  as  shown  in 
Figure  4.17  can  reduce  the  noise  from  a  medium  pressure  boiler  by 
approximately  20  db. 
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Figure  4.13  Schematic  diagram  for  the  exlinusc  sound 
suppressor  for  a  certain  generation  facility's 
hi2h  jiressurc  boiler 

(through  holes  with  diameter  jfpjo  mm) 


4.2  Ventilation  and  Climate  Control 
Noise  Silencers 


Ventilation  and  climate  control  are  greatly  used  in  residences 
and  work  areas  where  there  is  a  requirement  for  peace  and  comfort. 

It  is  also  used  in  many  underground  structures  and  in  the  design 
and  construction  of  mines.  The  standards  regulating  background 
noise  levels  in  such  structures  set  requirements  that  are  much 
higher  than  those  for  usual  industrial  structures.  Moreover,  due 
to  the  fact  that  the  pressure  heads  of  blowers  are  low,  the  require¬ 
ments  posed  by  these  types  of  structures  in  terms  of  blockage 
losses  are  also  relatively  stringent.  It  follows  from  this  that,  in 
general,  if  one  takes  the  flow  speed  in  the  noise  silencers  and 
controls  it  so  that  is  below  10  m/sec,  it  follows  that,  even  if  there 
is  high  speed  circulation,  the  flow  speed  will  still  not  exceed 
15  -  30  m/sec.  In  places  where  there  are  especially  stringent 
requirements,  for  example,  in  the  ventilation  and  climate  control 
equipment  of  high-class  buildings,  the  flow  speeds  within  the  main 
ventilation  ducts  do  not  exceed  5  m/sec. 

Concerning  the  question  of  the  noise  silencers  in  the  ventilation 
and  climate  control  systems  of  such  buildings,  it  is  possible,  on  the 
basis  of  their  noise  levels,  frequency  spectra,  amounts  of  flow 
as  well  as  their  conditions  of  employment,  to  select  for  use  dif¬ 
ferent  lengths  and  cross  sections  of  tube-type,  plate-type,  sound- 
flow-type  noise  silencers,  as  well  as  complex  resistance  and  minute- 
aperture-plate  noise  silencers. 

Figure  4.18  is  an  illustration  of  the  national  standard  tube- 
type  noise  silencer.  Its  noise  suppression  capabilities  as  well 
as  its  dimensions  can  be  seen  in  Table  4.2  [10]. 

When  one  is  employing  a  tube-type  noise  silencer,  the  dimen¬ 
sions  of  the  horizontal  cross  section  cannot  be  excessively  large; 
if  it  is  excessively  large,  then,  it  is  possible  to  take  this  tube 
and  use  it  as  a  part  in  the  construction  of  a  "bee-hive"  noise 
supressor . 
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Figure  4.19  is  an  illustration  of  the  structure  of  the  na¬ 
tional  standard  plate-type  noise  silencer.  Its  noise  suppression 
characteristics  and  its  dimensions  can  be  seen  in  Table  4.3  [10]. 

Figure  4.20  is  an  illustration  of  the  structure  of  the 
national  standard  arc-shaped  sound  flow-type  noise  silencer. 

Its  noise  suppression  characteristics  and  its  dimensions  can  be 
seen  in  Table  4.4. 

In  recent  years,  the  Shanghai  Industrial  Architecture  Design 
Academy  has  made  test  constructions  of  a  type  of  wide  frequency 
band  complex  noise  silencer  [lO] .  The  noise  silencing  results 
of  this  device  were  good  and  its  air  blockage  was  also  small. 

An  illustration  of  its  structure  can  be  seen  in  Figure  4.21. 

When  the  wind  speed  at  the  intake  of  the  noise  silencer  is 
8m/sec,  then  the  noise  silenced  on  the  central  frequencies  of 
various  frequency  bands  can  be  seen  in  Table  4.5;  when  the  wind 
speed  is  4-12  m/sec,  the  coefficient  of  localized  air  blockage 
is  0.44. 

As  far  as  ventilation  and  climate  control  system  noise  silen¬ 
cers  are  concerned,  recently  new  requirements  have  been  raised 
for  this  type  of  equipment; 

1.  When  operating  in  humid  air,  the  acoustic  characteris¬ 
tics  of  sound-absorbing  materials,  following  use,  will  increase 
up  to  a  fixed  number  of  years  and  then  deviate  from  what  it 
should  be.  This  influences  the  noise  silencing  results;  it 
follows  from  this  that  there  exists  a  requirement  to  find  a  type 
of  sound-absorbing  material  which  is  new  and  with  which  it  is 
not  necessary  to  worry  about  moisture  or  humidity. 

2.  When  one  is  dealing  with  high-quality  precision  machine 
shops,  meeting  rooms  and  work  areas,  it  is  hoped  that  one  will 
not  use  fibrous  materials  as  the  type  of  material  used  for  sound 
absorptions.  The  reason  for  this  is  that  this  type  of  material 
has  a  powdery  layer  blown  off  from  it,  and  this  contamination 
has  an  influence  on  the  health  of  the  people  in  these  types  of 
areas  as  well  as  on  the  accuracy  of  the  work  which  they  produce. 

In  this  type  of  situation,  it  is  possible  to  select  for  use  a 
minute  aperture  plate  sound  flow-type  noise  silencer  (Figure  4.22). 
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Figure  4.13.  1.  An  Illustration  of  the  National 

Standard  Tube-type  Noise  Silencer.  2.  Slag  Gotten 
with  a  Density  of  170  kg/m^  or  Kaptron  Fibers  with 
a  Density  of  38  kg/m^.  3.  Sponge  Plastic  with  a 
Density  of  34  kg/m^. 


Table  4.2  shows  the  amount  of  noise  eliminated,  and  the  blockage 
losses  for  this  type  of  noise  silencer  with  different  flow 
speeds . 

It  is  also  possible  to  take  a  minute  aperture  plate  noise 
silencer  and  make  it  into  a  plate-type,  a  tube-type  or  a  rectangu¬ 
lar-type,  as  well  as  other  different  types  of  noise  silencers 
in  order  to  satisfy  the  requirements  of  ventilation  and  climate 
control  systems  for  use  in  different  situations.  Table  4.7 
and  Table  4.8  give  the  amounts  of  noise  eliminated  and  the  blockage 
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Table  4,2.  1,  Characteristics  and  Dimensions  of 

Tube-type  Noise  Silencers.  2.  Nomenclature.  3. 
Model  Number.  4.  Amount  of  Noise  Reduction  on  the 
Center  Frequency  of  a  Frequency  Band  (decibels) . 

5.  Weight,  6,  Dimensions  (mm).  7.  Slag  Gotten 

Tube-type  Noise  Silencer.  8.  Sponge  Plastic  Tube- 
type  Noise  Silencer.  9.  Kapron  Tube-type  Noise 
Silencer . 
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Figure  4.19.  1.  An  illustration  of  the  Structure  of 

the  National  Standard  Type  of  Plate-type  Noise 
Silencer.  2.  Glass  Fibers.  3.  Sealed  Door. 


Table  4.3  1.  Characteristics  and  Dimensions  of  Plate-type 

Noise  Silencers.  2.  Model  Number.  3.  (mm).  4.  Weight 

(kg).  5.  Wind  Speed  (m/sec).  Amount  of  Air  Coming  Down 

(m^/hour) .  6.  Wind  Speed  (m/sec).  Amount  of  Blockage 

Loss  (mm  on  water  column).  7.  Amount  of  Noise  Silenced 
on  the  Center  Frequency  of  a  Frequency  Band  (Decibels) . 

8.  All  this  does  not  include  the  weights  of  the  exterior 
shell  or  the  sealed  door. 
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Figure  4.20,  1.  An  Illustration  of  the  Structure 
of  the  National  Standard  Arc-shaped  Acoustic  Flow- 
type  Noise  Silencer.  2.  Slag  Cotton.  3.  Sponge 
Plastic . 


losses  for  two  types  of  rectangular,  minute  aperture  plate-type 
noise  silencers  (Figure  3.45)  given  different  flow  speeds.  The 
structure  of  this  type  of  noise  silencer  is  shown  in  Figure  3.45 
From  Tables  4.6  -  4.8  it  can  be  seen  that  the  blockage 
losses  of  minute  aperture  plate  noise  silencers  are  much  smaller 
than  those  of  drag-type  noise  silencers  or  complex  resistance- 
type  noise  silencers.  Concerning  the  matter  of  rectangular 


minute  aperture  plate  noise  silencers,  it  is  almost  possible  to 
ignore  the  blockage  or  resistance  losses,  and  not  consider  them 
in  at  all.  This  is  of  particular  significance  for  ventilation 
and  climate  control  systems  which  require  unusually  stringent 
controls  on  blockage  or  resistance  losses. 

What  follows  is  an  actual  example  of  the  use  of  a  minute 
aperture  plate  noise  silencer  in  a  ventilation  and  climate  control 
system. 


Table  4.4.  1.  The  Capabilities  and  Dimensions  of 

the  National  Standard  Arc-shaped  Acoustic  or  Noise 
Flow-type  Noise  Silencer  (Length  3300  mm).  2. 

Model  Number.  3.  mu’.  4.  Weight  (kg).  5.  The 

Amount  of  Ventilation  (m^/hr)  Put  Out  at  a  Certain 
Flow  Speed  (m/sec) .  6.  Blockage  Losses  (mm  on  a 

water  column)  Resulting  at  a  Certain  Flow  Speed  (m/sec) . 
7.  The  Amount  of  Noise  Reduced  (decibels)  On  the 
Center  Frequency  of  a  Frequency  Band. 


A  certain  fertilizer  plant  had  a  newly  installed  W-1  model 
clim.ate  control  unit.  After  passing  through  more  than  ten  meters 
of  ducts,  the  air  from  the  unit  entered  a  sterile  chamber.  The 
rooms  within  this  chamber  all  had  small  volumes;  moreover,  due 
to  the  fact  that  there  were  certain  technical  requirements,  the 
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whole  area  was  painted  with  a  kind  of  shiny  and  slippery  oily 
lacquer;  the  area  was  like  a  reverberation  chamber.  In  some  of 
the  rooms,  the  background  noise  from  the  climate  control  unit 
reached  81  decibels  (A) ,  and  exceeded  N75;  even  in  the  best  of 
the  rooms,  the  background  noise  level  reached  69  decibels  (A) , 

N65.  This  monotonous  background  noise  was  difficult  to  listen 
to,  made  people  unusually  irritable,  and  affected  work  efficiency. 

After  it  was  arranged  to  install  a  rectangular  minute  aper¬ 
ture  plate  noise  silencer  such  as  the  one  shown  in  Figure  4.23, 
the  average  background  noise  level  in  all  the  rooms  fell  to 
below  N50  and  reached  52  decibels  (A) ;  its  noise  reduction 
efficiency  is  as  shown  in  Figure  4.24. 

After  the  installation  of  this  type  of  noise  silencer,  as 
far  as  the  particular  technical  requirements  of  the  sterile  chamber 
were  concerned,  it  was  possible  to  fundamentally  meet  them,  that 
is:  (1)  The  background  noise  level  in  the  rooms  must  be 

basically  similar  to  that  in  the  factory  itself,  and  (2)  with 
the  use  of  a  pure  metal  minute  aperture  plate  noise  silencer  which 
is  sprayed  with  a  rust  preventive  paint,  it  is  possible  to  use 
moist  gases  to  clean  it;  moreover,  there  is  no  fibrous  powdery 
layer. 

Figure  4.25  is  a  diagram  of  a  ventilation  and  climate  con¬ 
trol  system  which  uses  a  minute  aperture  plate  noise  silencer. 


4.3.  Gas  Disposal  Noise  Silencers  for  Internal 
Combustion  Engines 


The  noise  which  is  produced  by  the  exhaust  systems  of  inter¬ 
nal  combustion  engines  is  composed  primarily  of  low  and  medium 
frequency  sounds  with  high  frequency  sounds  reaching  a  certain 
level.  It  follows  from  this  that  there  is  a  requirement  for 
sound  silencers  which  are  to  be  used  for  this  purpose  to  have 
good  capabilities  in  the  low  and  medium  frequency  ranges  and, 
at  the  same  time,  to  have  a  certain  level  of  capability  for  high 
frequency  sound  elimination.  Besides  this,  internal  combustion 
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4. 

Figure  4.21.  1.  An  Illustration  of  the  Structure 

of  a  Wide  Frequency  Band  Complex  Noise  Silencer.  2. 
Outer  Wrapper  of  Poly  Vinyl  Chloride.  3.  Expansion 
Chamber.  4,  Steel  Plate  with  a  Thickness  of  0.5  mm, 
Aperture  Diameter  of  8mm,  Penetration  Rate  of  P  =  30%. 
5.  Wooden  Framework  of  the  Outer  Wrapper  of  Poly  Vinyl 
Chloride.  6.  Interior  Stuffing  of  Glass  Cotton 
(20  kg/m^) . 

engines  put  out  gases  which  have  a  high  temperature,  a  high  flow 
speed,  carry  with  them  pollutants  from  the  fuel  and,  sometimes 
still  contain  some  flames.  Because  of  this  situation,  noise 
silencers  for  internal  combustion  engines  should  be  primarily 
of  a  resistance  or  resistance  complex  nature,  and  the  sound 
absorbant  materials  which  are  employed  in  them  need  to  be  resis¬ 
tant  to  high  heat,  to  shock,  and  there  should  be  no  fear  of 
pollutants  or  fire  as  far  as  they  are  concerned. 

oc  h 


K4.S 


50 

100  j 

200  * 

1 

400  j 

1 

800 

1600 

3150 

o300 

J7 

1) 

_ 1 

14 

16 

20 

a 

41 

36 

Table  4.5.  1.  The  Noise  Suppression  Capabilities  of 

a  Wide  Frequency  Band  Complex  Noise  Silencer.  2.  Fre¬ 
quency  Band  Center  Frequency.  3.  Amount  of  Noise 
Eliminated  (decibels) . 
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Figure  4.22.  1.  An  Illustration  of  the  Structure  of 

a  Minute  Aperture  Plate  Acoustic  or  Noise  Flow- 
Type  Noise  Silencer.  2.  Minute  Aperture  Plate. 

3.  Resonance  Cavity. 


After  diesel  engines  similar  to  the  4115  type  (65  horse¬ 
power  and  55  horsepower)  were  fitted  with  a  minute  aperture  plate- 
drag  type  noise  silencer  similar  to  the  one  shown  in  Figure  4.26 
as  well  as  a  curved  head  mesh  screen  noise  silencer  similar  to 
the  one  in  Figure  4.27,  the  noise  went  down  20  decibels  (A) ; 
the  noise  suppression  frequency  charts  for  the  various  cases 
are  shown  respectively  in  Figure  4.28  and  4.29. 

After  a  type  of  noise  silencer  similar  to  the  one  shown  in 
Figure  4.30  was  chosen  for  employment  in  a  medium  size  diesel 
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Table  4.6.  1.  The  Amount  of  Noise  Eliminated  and  the 

Blockage  Losses  for  a  Minute  Aperture  Plate  Noise 
Silencer  Given  Different  Flow  Speeds.  2.  Flow  Speed 
(m/sec).  3.  Amount  of  Noise  Eliminated  (decibels). 

4.  Center  Frequency  (Hertz) .  5.  Blockage  of  Resis¬ 

tance  Losses  in  mm  on  a  Water  Column. 

engine  (350  horsepower) ,  its  exhaust  port  was  45°,  and,  at  a  dis¬ 
tance  of  one  meter,  the  noise  lavel  went  down  30  decibels  (A) ; 
the  noise  reduction  frequency  spectrum  curves  are  as  shown  in 
Figure  4.31.  From  63  -  8000  Hertz,  within  a  wide  band  of  fre¬ 
quencies,  the  noise  level  dropped  by  30  -  40  decibels. 

Figure  4.32  is  a  simplified  drawing  of  various  noise  silencers 
which  are  used  with  internal  combustion  engine  exhausts  both 
inside  and  outside  China. 

4.4  Air  Compressor  and  Air  Blower  Noise  Silencers 

On  the  basis  of  the  different  frequency  characteristics  of 
air  compressors,  it  is  possible  to  respectively  choose  for  use 
expansion  chamber  noise  silencers,  expansion  chamber-drag  type 
complex  noise  silencers  or  resonance  resistance  complex  noise 
silencers  (ss  Figure  3.42(a)  -  (d)  and  Figure  3.43(e)). 

Figure  4.33  is  an  illustrative  diagram  of  a  model  160B-20/8 
air  compressor  noise  silencer.  When  the  type  of  noise  silencers 
we  have  mentioned  are  installed  in  the  intake  and  exhaust  ports 
of  this  type  of  air  compressor,  the  noise  will  be  greatly  reduced. 
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Figure  4.7.  1.  The  Amount  of  Noise  Eliminated  and 

the  Blockage  of  Resistance  Losses  for  a  Minute  Aperture 
Plate  Rectangular  Noise  Silencer  (the  passageway  is 
150  mm)  Under  Different  Conditions  of  Flow  Speed.  2. 
Flow  Speed  (m/sec) .  3-  Amount  of  Noise  Eliminated 

(decibels).  4.  Center  Frequency  (Hertz).  5.  Blockage 
Loss  in  mm  on  a  Water  Column. 
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Table  4.8.  1.  The  Amount  of  Noise  Eliminated  and  the 

Blockage  Losses  for  a  Rectangular  Minute  Aperture  Plate 
Noise  Silencer  (with  passageway  250  mm)  Under  Different 
Conditions  of  Flow  Speed.  2.  Flow  Speed  (m/sec). 

3.  Amount  of  Noise  Eliminated  (decibels).  4.  Center 
Frequency  (Hertz).  5.  Blockage  Losses  in  mm  on  a  Water 
Column. 


Figure  4.23.  1.  The  Rectangular  Minute  Aperture  Plate 

Noise  Silencer  on  the  Model  W-1  Climate  Control 
Unit  in  a  Certain  Fertilizer  Plant,  the  Plate  Thickness 
of  the  Minute  Aperture  Plate  is  t  =  0.75  nun,  the 

Diameter  of  the  Apertures  is  0.8  mm. 

2.  Minute  Aperture  Perforated  Plate 


Figure  4.24.  1.  The  Noise  Silencing  Results  of  the 

Minute  Aperture  Plate  Noise  Silencer  Used  With  the 
Model  W-1  climate  Control  Unit.  2.  Before  Use  of  the 
Noise  Silencer.  3.  After  Use  of  the  Noise  Silencer. 
4.  The  Center  Frequency  Among  Frequency  Multiples 
(Hertz).  5.  Degree  of  Acoustic  Pressure  (decibels). 
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Figure  4.25.  1.  An  Illustration  of  a  Ventilation 

and  Climate  Control  System  in  Which  is  Used  a  Minute 
Aperture  Plate  Noise  Silencer.  2.  A  Rectangular  type 
is  Appropriate  for  Use  When  the  Amount  of  Flow  is 
5000-10000  m'^/hr.  3.  The  Acoustic  Flow  Type  is 

Appropriate  for  Use  When  the  Amount  of  Flow  is  10000- 
20000  m  /hr.  4.  The  Plate  Type  is  Appropriate  For 
Use  when  the  Amount  of  Flow  is  20000-30000  m^/hr. 

5.  The  Acoustic  Flow  Type  is  Appropriate  for  Use  When 
The  Amount  of  Flow  is  40000-50000  m^/hr.  6.  The 
Plate  Thickness  of  the  Minute  Aperture  Plate  is  t  = 

0.8  mm.  7.  The  Diameter  of  the  Apertures  is  i  =  0.8  mm. 
8.  Minute  Aperture  Perforated  Plate. 


Figure  4.34  is  a  graph  of  the  noise  values  measured  in  the 
air  intake  port  of  an  air  compressor.  It  can  be  seen  that  the 
noise,  within  a  relatively  wide  frequency  range,  was  reduced, 
particularly  in  the  vicinity  of  250  Hertz,  where  the  drop  was 
approximately  40  decibels. 

T- 


Figure  4.26.  1.  A  minute  Aperture  Plate-Drag-type 

Noise  Silencer  for  a  model  4115  Diesel  Engine.  2. 
Minute  Aperture  Plate.  3.  Perforated  Plate.  4. 
Glass  Cotten. 


Figure  4.35  is  an  illustration  o'”  .ha  no  .je  silencer  used  on 
a  model  V-3/8-1  air  compressor.  When  a  noise  silencer  of  this 
type  is  installed  in  the  intake  port  of  the  air  compressor, 
there  is  an  obvious  reduction  in  the  noise  level  (see  Figure 
4.36). 

In  the  case  of  air  blower  machinery,  their  noise  level  is 
high,  their  frequency  spectrum  is  wide,  and  their  amounts  of 
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B4.27  ins 

Figure  4.27.  1.  A  Curved  Head  Mesh  Screen  Noise 

Silencer  for  a  Model  4115  Diesel  Engine. 

flow  are  large;  it  follows  from  this  that  one  ought  to  employ 
with  such  equipment  resonance  resistance  complex  noise  surpres- 
sors  and  drag-type  noise  silencers. 

This  noise  silencer  is  in  the  form  of  an  elongated  square 
(outer  shell  dimensions  are  3000  x  600  x  700  mm)  with  a  body 
proper  length  of  2.4  m  and  an  extension  length  or  overhang  of 
0.6  m.  The  central  or  core  section  is  the  wide  frequency  band 
noise  silencing  body  as  is  shown  in  Figure  4.38.  It  is  formed 
from  resonance  devices  and  a  complex  of  sound  absorbing  mater¬ 
ials.  As  was  discussed  in  Section  3.2,  the  types  of  resonator 
devices  which  have  cavity  depths  of  15  cm,  wall  thicknesses  of 
t  =  2.5  mm  and  penetration  rates  of  P  =  0.6%,  1%,  1.2%,  and  2%, 
within  the  range  of  125  -  400  Hertz,  all  have  sound  absorption 
coefficients  which  are  70%  or  above.  When  these  are  put  together 
with  glass  cotton  (density  20-30  kg/m'^  with  the  surface  using 
polyvinyl  chloride  and  an  additional  system  of  steel  plates  or 
a  penetration  plate  protective  surface  with  a  penetration  rate  of 
20%  or  higher),  this  causes  the  noise  silencing  body,  within 
the  wide  frequency  range  of  125-8000  Hertz,  to  have  sound  absorp¬ 
tion  coefficients  which  reach  70%  or  higher. 
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Figure  4.28.  1.  Noise  Reduction  Curve  for  a  Minute 

Aperture  Plate  -  Drag  Type  Noise  Silencer  for  a 
Model  4115  Diesel  Engine.  2.  Amount  of  Noise 
Reduced  (decibels).  3.  Frequency  (Hertz) 
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Figure  4.30.  Exhaust  Noise  Silencer  for  a  350 
Horsepower  Diesel  Engine.  2.  Direction  View 
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Figure  4.31.  1.  Noise  Reduction  Results  with  a  350 

Horsepower  Diesel  Engine.  2.  Frequency  Multiple 
Acoustic  Pressure  Level  (decibels).  3.  Frequency 
(Hertz).  ---.  Noise  Frequency  Spectrum  for  the  Diesel 
Engine  Exhaust  Port  45°  at  a  Distance  of  one  Meter 


Figure  4.36.  1.  The  Noise  Reuction  Results  After 

Installation  of  Noise  Suppressors  in  the  Model 
V-3/8-1  Air  Compressor.  2.  Frequency  Multiple 
Acoustic  Pressure  level  (decibels).  3.  Frequency 
(Hertz) . 


Figure  4.37.  1.  A  Structural  Diagram  for  a  Model 

L84  Blower  Using  a  Resonance  Resistance  Complex 
Noise  Silencer. 

If  noise  silencers  are  installed  in  ductwor]^  according  to 
the  method  put  forward  in  Figure  4.39,  then,  the  noise  level  is 
lowered  in  the  following  way: 

1.  When  the  flow  speed  in  the  noise  silencer  is  35  m/sec, 
then,  the  overall  acoustic  pressure  from  the  noise  is  lowered 
from  131  decibels  to  79  decibels;  the  A  sound  level  is  lowered 
from  126  decibels  to  72  decibels;  these  reductions  in  noise 
occur  when  the  exhaust  port  of  the  ducting  is  at  45°,  and 
measurements  are  taken  at  a  one  meter  point.  The  frequency 
spectrum  is  lowered  to  N70  (see  Figure  4.40)  and  is  eventually 
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Figure  4.38.  1.  An  Illustration  of  the  Structure 

of  a  Wide  Frequency  Band  Noise  Silencer.  2.  Glass 
Cotton.  3.  Polyvinyl  Chloride.  4.  Steel  Plate 
Net.  5.  Steel  Plate  Thickness  t  =  2.5  mm.  6.  Per¬ 
forated  Plate  with  Hole  Diameter  41  10  mm. 


Figure  4.39.  An  Illustration  of  the  Installation 

of  a  Noise  Silencer,  2.  silver  •.  .Silencer 


lowered  to  N85. 

At  medium  flow  speeds,  with  a  ductwork  exhaust  port  at  45° 
and  at  a  distance  of  one  meter,  the  A  sound  level  is  lowered  to 
56  decibels.  When  one  is  dealing  with  small  flow  speeds  (for 
example,  10  m/sec) ,  then,  the  A  sound  level  is  lowered  to  52 
decibels , 

2.  The  level  of  overall  acoustic  power  is  lowered  from 
133  decibels  to  86  decibels;  the  overall  acoustic  power  is 
lowered  from  20  Watts  to  0.0004  Watts. 

3.  The  level  of  interference  with  speech  is  lowered  from 
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Figure  4.40.  1.  An  Evaluation  of  the  Noise  Reduction 

Results  From  a  Noise  Silencer  in  the  Ductwork.  2. 
Frequency  Miltiple  Acoustic  Level  (Decibels).  3. 
Frequency  (Hertz).  4.  Duct  Noise.  5.  Curve.  6. 
Noise  Measurement  Points  in  the  Ductwork  After  Noise 
Reduction:  Ductwork  Exhaust  Port  45°  at  one  meter. 

114  decibels  to  67  decibels  which  means  that  there  is  no  influ¬ 
ence  on  oral  communication. 

4.  The  surrounding  offices  and  laboratores  cannot  hear  the 
noise  from  the  operation  of  the  ventilation  system. 

The  Shanghai  Industrial  Architectural  Design  Academy  [37] 
has  recently  made  successful  test  production  of  a  serial  noise 
suppressor  which  is  fitted  to  be  used  with  a  Luo  Ci-gu  blower 
(it  is  called  a  Model  D  Noise  Silencer,  see  Figure  4.41),  and 
this  noise  suppressor  is  of  a  folded  plate  resistance  type  which 
comes  in  seven  types  all  together  and  in  varying  sizes;  these 
types  are  respectively  suitable  for  use  with  Luo  Ci-gu  blowers 
having  rates  of  flow  from  1.25  -  200  m^/minute.  Table  4.9  is  a 
display  of  their  sizes  and  specifications.  These  seven  types  of 
noise  silencers  are  already  in  definitive  production  form  in  the 
Xiang  Yang  Noise  Silencer  Plant  in  Changsha  City,  Hunan. 
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Figure  4.41.  1.  An  Illustration  of  the  Series  of 

Model  D  Folded  Plate  Resistance-Type  Noise  Silencers 
For  Use  With  Luo  Ci-gu  Blowers. 

single  passages  3  double  passages  4,  triple  passages 


Table  4.9.  1.  Series  Specifications  for  Model  D 

Noise  Silencers.  2.  Model  Designation  of  Noise 
Suppressor.  3.  Effective  Length  in  iran.  4.  External 
Diameter  (mm).  5.  Flange  Hole  Diameter  (mm).  6. 

Noise  Absorbing  Section  ThicJcness  (mm)  .  7.  Noise 

Absorbing  ^ection  Distance  (ram) .  8.  Area  of  the 

Passage  (m  ) .  9.  Transit  Flow  Speed  (m/sec).  10. 

Amount  of  Flow  Used  (m^/minute) .  11.  Weight 

(kg/  unit) . 


In  Figure  4.41,  D^  and  D2  are  single  passageways;  D^/  D^  and 
Dg  are  double  passageways,  and  Dg  and  D^  have  three  passageways; 
all  of  these  variants  are  composed  of  two  parts  or  sections  and 
have  an  angle  of  fold  which  is  approximately  20°.  The  sound 
absorbing  plates  are  all  made  with  exceedingly  fine  glass  cotton 
stuffed  to  a  density  of  20  kg/m^;  on  the  surface  is  used  a 
fiber  glass  covering  with  perforated  steel  plates  as  a  protec¬ 
tive  covering  (thickness  0.75-1.2  mm,  hole  diameter  is  4"  6  mm, 
rate  of  penetration  or  perforation  is  P27%).  For  the  sound 


270 


absorbing  layers  in  the  lateral  direction  on  the  model  noise 
silencer,  there  was  employed  a  double  layer  of  perforated  steel 
the  utilization  of  the  empty  cavity  which  has  sound  absorbing 
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Figure  4.10.  1.  Experimental  Values  for  D., 

□c  and  Models  of  Noise  Silencer.  2.  Con¬ 
ditions  for  Experimental  Measurement.  3. 

Results  of  Noise  Suppression.  4.  Acoustic 
Level  ( Decibels,A) .  5.  Amount  of  Flow  Through 

the  Blower  in  M'^/Min.  6.  Without  the  Install¬ 
ation  of  a  Noise  Silencer  (Distance  of  One  Meter) . 

7.  With  the  Installation  of  Noise  Silencer 
(Various  Models)  (Distance  of  One  Meter) . 

material  improves  the  noise  silencing  characteristics  in  low 
frequency  ranges,  and,  since  this  economizes  on  glass  cotton, 
it  is  also  possible  to  increase  the  strength  of  the  outer  shell 
of  the  noise  silencer.  Concerning  the  layer  of  thin  steel 
plates  that  are  installed  between  the  folded  sound  silencing 
plates  or  sections  in  the  middle  section  of  the  Dg  and  model 
noise  silencers,  these  are  installed  in  order  to  prevent  the 
sound  waves  in  the  interior  of  the  noise  silencer  from  passing 
through  directly;  the  installation  of  a  round  horizontal  wall 
plate  on  the  sides  of  the  sound  absorbing  cavities  not  only 
make  it  possible  to  raise  the  level  of  integral  rigidity  of  the 
body  but  also  makes  it  possible  to  avoid  the  lateral  propaga¬ 
tion  of  sound  waves  within  the  sound  absorbing  cavity. 

The  D  model  series  of  drag  or  resistance  type  folded  plate 
noise  silencers  which  have  been  discussed  above  are  primarily 
suitable  for  use  with  Luo  Ci-gu  blowers  and  are  used  to  silence 
noise  in  the  intakes  of  these  blowers.  If  one  is  using  noise 


silencers  on  the  exhaust  of  a  blower,  then,  one  should  arrange 
for  a  suitable  strengthening  of  the  structure  of  the  noise 
silencer  to  be  used.  This  type  of  noise  suppressor  is  also 
suitable  for  general  use  in  the  elimination  of  noise  from  the 
intakes  of  medium  and  low  pressure  blower  ductwork  as  well  as 
from  those  of  other  types  of  high  pressure  blowers  (such  as 
9-27  types  and  8-18  types)  which  have  similar  specifications 
for  their  amounts  of  flow. 

Table  4.10  is  a  table  of  the  experimental  values  which 
were  determined  for  model  and  noise  silencers. 

If  one  is  considering  the  case  of  large  scale  drum  blowers, 
then,  it  is  possible,  on  the  basis  of  the  flow  conducting 
equipment  in  the  ducts,  to  design  an  appropriate  noise  silencer 
to  suppress  the  noise;  it  is  also  possible,  at  the  same  time, 
to  improve  the  air-moving  characteristics  of  the  blower  involved. 
Figure  4.42  -  Figure  4.45  are  illustrations  of  the  structures 
of  large  scale  drum  blower  noise  silencers. 

In  recent  years,  in  the  intakes  and  exhausts  of  drum  blowers, 
there  have  been  used  mesh  plate  noise  silencers  similar  to 
those  found  in  Figure  3.44,  4.22  and  4.30;  with  the  use  of  this 
type  of  noise  silencer,  it  has  been  possible  to  obtain  excellent 
noise  silencing  results. 

In  the  case  of  drum  blowers  and  air  compressors,  besides 
the  addition  of  sound  silencers,  there  are  occasions  when  it  is 
also  appropriate  to  carry  out  the  operations  of  noise  isolation 
and  the  reduction  of  resonance  [38]  and,  by  the  use  of  these 
methods,  to  effect  an  overall  reduction  in  the  noise  level. 

4,5  Noise  Silencers  for  Jet  Aircraft  and  Rockets 

If  we  are  dealing  with  the  case  of  jet  aircraft  and  rockets, 
there  is  no  question  that,  in  flight,  whether  it  is  during  take¬ 
off  and  landing  or  during  operation  on  the  ground,  the  noise 
levels  are  extremely  high,  and  there  is  a  need  for  control. 

Below  we  will  introduce  the  problem  of  noise  silencers  for  this 
application  by  considering  it  from  three  points  of  view. 
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Figure  4.42.  1.  An  Intake  Figure  4.43.  1.  Directed 

Directed  Flow  Noise  Silencer.  Plow  Elbow  Noise  Silencer. 

2.  Outer  Shell.  3.  Guide 
Vane.  4.  Sound  Absorbing 
Material.  5.  Perforated 
Plate. 


Figure  4.44.  1.  An  Illustration  of  the  Structure 

of  a  Model  D700/3-2  Exhaust  Port  Noise  Supressor 
for  a  Drum  Blower. 


4.5.1  The  Noise  Which  is  Put  Out  By  Jet  Engines 
During  Flight 

Ordinary  drag  or  resistance  type  noise  silencers  have  large 
volumes,  are  clumsy  and  cumbersome  and  are  only  able  to  meet 
the  requirements  of  aircraft  during  operations  on  the  ground 
or  when  used  during  take  off.  Many  years  of  research  demon¬ 
strates  that  [3,  5,  24,  39,  40,  41]  the  reduction  of  the  noise 
which  is  put  out  by  engines  during  flight  is  a  problem  which 
can  be  come  to  grips  with  through  a  study  of  the  construction 
of  the  engines  which  are  producing  the  noise  in  terms  of  the 
jet  flow  which  occurs  within  them. 


Figure  4.45,  1.  An  Illustration  of  the  Structure 

of  a  Model  D700/3-2  Intake  Port  Noise  Silencer  for 
a  Drum  Blower.  Reicnan;--  iivi*-/ 

The  type  of  noise  silencer  required  for  this  application  are 
ones  which  go  through  and  destroy  jet  flow  patterns  and  organize 
new  jet  flow  patterns  in  order  to  arrive  at  the  required  reduc¬ 
tion  in  noise.  We  know  it  is  true  that  the  acoustic  power  of 
the  noise  produced  by  a  jet  and  the  jet  speed  of  the  engine  in 
question  form  an  eighth  power  direct  proportion,  and  we  also 
know  that  there  is  a  direct  square  relationship  between  the 
thrust  of  a  jet  engine  and  the  3et  flow  speed  of  that  engine. 

On  the  basis  of  this,  it  follows  that  the  most  effective  method 
one  could  use  to  reduce  jet  noise  is  to  lower  the  jet  flow 
speed.  Because  of  this,  the  widespread  application  or  utilization 
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of  many  engines  to  take  the  place  of  one  engine  guarantees  that 
the  thrust  will  not  vary,  and  this  approach,  when  it  is  used  in 
conjunction  with  a  lowering  of  the  jet  flow  speed  of  the  engines, 
makes  it  possible  to  achieve  the  objective  of  noise  reduction. 
However,  it  is  not  possible  to  increase  the  number  of  engines 
without  limit.  Because  of  this  fact,  there  has  been  intensive 
and  large  scale  research  and  test  production  of  jet  nozzle  sound 
silencers  with  a  view  on  the  one  hand  to  a  lowering  of  the  jet 
flow  speed  and,  on  the  other,  to  the  problem  of  not  excessively 
influencing  the  thrust  of  the  engine. 

The  simplest  type  of  jet  nozzle  noise  silencer  is  illustrated 
in  Figure  4.46;  this  type  is  a  jet  flow  guide  of  a  tubular  type 
which  is  installed  in  the  jet  nozzle  of  the  engine  in  question. 

Air  is  induced  to  enter  the  jet  apparatus  and  mix  with  the 
original  jet  flow;  this  causes  the  amount  of  flow  of  the  jet  flow 
to  be  increased,  the  speed  to  be  lowered,  and,  as  a  consequence, 
the  jet  noise  to  also  be  lowered.  This  method  is  simple  and 
convenient;  however,  in  order  to  achieve  a  certain  amount  of  noise 
reduction,  the  tube  must  be  quite  long. 


Figure  4.46.  1.  A  Tubular-type  Induced  Flow 

Jet  Apparatus  for  Noise  Silencing  in  Jet  Nozzles. 

2.  Entry  of  Induced  Secondary  Air  Flow.  3. 

Original  Jet  Flow.  4.  The  Outer  Tube  of  the 
Jet  Apparatus. 

A  relatively  better  method  is  to  change  the  configuration 
of  the  shape  of  the  jet  nozzle  of  the  engine.  In  recent  years, 
the  largest  part  of  the  research  and  experimentation  that  has 
been  done  into  this  aspect  of  the  problem  has  been  concentrated 
in  the  area  of  the  improvement  of  the  configuration  or  shape 
of  the  jet  intake  nozzle.  In  the  earliest  days,  use  was  made 
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Figure  4.47.  1.  Various  Types  of  Noise 

Silencing  Jet  Nozzles  With  Different  Shapes. 

of  tooth-shaped  jet  nozzles  to  take  the  place  of  straight  tubular 
jet  nozzles  (Figure  4.47a);  after  further  progress  was  made, 
this  concept  was  developed  into  a  wave-shaped  jet  nozzle  (Figure 
4.47b),  and,  at  present,  the  method  which  is  generally  utilized 
is  one  in  which  multiple  tubular  jet  nozzles  are  used  or  a 
similar  one  in  which  multiple  wave-shaped  jet  nozzles  are  used 
Figure  4.47  e-f ) . 

If  one  is  considering  these  noise  suppressing  jet  nozzles, 
they  can  induce  more  secondary  flow  than  is  the  case  with  the 
original  simple  tube-type,  round  jet  nozzles;  this  causes  the 
area  of  t.he  new  jet  flow  which  is  formed  to  be  enlarged,  the 
jet  flow  speed  to  be  lowered,  and,  consequently,  this  allows  the 
objective  of  noise  reduction  to  be  achieved.  These  noise 
suppressing  jet  nozzles  also  are  capable  of  causing  the  frequency 
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spectrum  of  the  noise  to  shift  from  low  frequencies  to  high 
frequencies.  Because  of  the  fact  that  there  is  a  relationship 
between  the  frequency  composition  of  the  noise  and  the  diameter 
of  the  jet  nozzle;  this  means  that,  if  the  diameter  of  the  jet 
nozzle  is  small,  then,  the  frequency  of  the  jet  noise  will  be 
high;  if  we  reverse  this,  then,  the  frequency  of  the  jet  noise 
will  be  low.  Noise  suppressive  jet  nozzles  take  one  large 
diameter  jet  nozzle  and  change  it  into  several  small  jet 
nozzles  with  a  fixed  distance  between  them;  this  approach 
causes  the  frequency  spectrum  of  the  jet  noise  to  shift  toward 
the  high  end.  Air  absorbs  high  frequency  sounds  much  faster 
than  it  absorbs  low  frequency  sounds;  this,  to  a  certain  extent, 
also  lowers  the  jet  noise  from  the  engine. 

Figure  4.48  is  a  display  of  the  noise  reduction  results 
from  noise  silencing  jet  nozzles.  In  the  figure,  the  two 
curves  in  the  top  of  the  graph  represent  data  which  was  taken 
when  an  aircraft  was  flying  over  at  an  altitude  of  150  m;  the 
bottom  two  curves  represent  data  taken  on  frequency  spectra 
when  the  engine  was  on  the  ground;  the  curves  with  the  high 
acoustic  levels  are  the  ones  which  were  obtained  from  data 
taken  on  engines  which  had  not  been  fitted  with  noise  silencing 
devices  and  had  the  ordinary  tube-shaped  jet  nozzles;  the  curves 
with  the  lower  values  represent  data  taken  from  engines  after 
they  had  been  fitted  with  the  noise  silencing  jet  nozzles.  It 
can  be  seen  from  the  figure  that  the  noise  suppressive  jet 
nozzles  caused  a  relatively  large  reduction  in  the  low  frequency 
noise;  moreover,  there  was  caused  a  reduction  of  7  decibels  in 
the  overall  level  of  acoustic  pressure,  and  there  was  a  percepti¬ 
ble  reduction  in  the  noise  level  of  5  decibels.  The  lower  two 
curves  represent  the  sound  spectra  for  two  for  the  noise  for  two 
types  of  jet  nozzles  when  an  aircraft  was  flying  at  an  altitude 
of  450  m.  It  is  possible  to  see  that  the  noise  silencing  jet 
nozzles,  at  one  time,  cause  the  low  frequency  noise  to  be  reduced 
in  a  relatively  large  way;  moreover,  it  causes  the  overall 
level  of  acoustic  pressure  to  be  reduced  by  10  decibels  as  well 
as  causing  a  reduction  of  the  perceptible  noise  level  of  7 
decibels.  It  is  also  possible  to  see  from  the  chart  that  when 
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the  altitude  of  the  aircraft  changed  from  450  m  to  150  m,  and 
the  distance  increased  1.5  times,  the  corresponding  differen¬ 
tial  in  acoustic  pressure  is  9  decibels;  this  corresponds  appro¬ 
priately  with  the  inverse  square  law  requirements.  However, 
in  the  high  frequency  range,  due  to  the  fact  that  there  is 
atmospheric  absorption,  the  corresponding  differential  is  more 
than  9  decibels. 

Because  of  these  facts,  after  sound  silencing  jet  nozzles 
are  installed  in  the  jet  tubes  of  jet  aircraft,  as  far  as  take 
off  and  landing  periods  are  concerned,  it  is  generally  possible 
to  lower  the  noise  4-15  EPN ;  from  Table  2.9  it  is  possible  to 
see  that,  after  the  employment  of  sound  silencing  jet  nozzles, 
the  take  off  noise  of  a  DC  10  is  reduced  4  EPN  decibels,  and 
its  landing  noise  is  reduced  5  EPN  decibels;  it  can  also  be 
seen  that  the  take  off  noise  and  the  landing  noise  of  a  DC  8  are 
both  reduced  12  EPN  decibels;  and,  it  can  be  seen  as  well  that 
the  take  off  noise  of  a  Boeing  707  is  lowered  11  EPN  decibels, 
and  its  landing  noise  is  lowered  15  EPN  decibels,  and  so  on. 

In  general,  these  sound  silencing  jet  nozzles  are  capable  of 
causing  the  production  of  a  1-5%  loss  in  the  thrust  produced 
by  the  engines;  moreover,  the  installation  of  them  causes  the 
weight  of  the  engines  to  be  increased  by  several  hundred  kg. 

If  one  is  dealing  with  the  case  of  a  Ru  Tu  104  passenger  plane, 
then,  after  the  installation  of  noise  suppressing  jet  nozzles, 
rhe  power  level  of  the  noise  was  lowered  7-8  decibels;  however, 
the  thrust  of  the  aircraft  was  reduced  1.4  -  2.2%. 

Ii  recent  years,  as  far  as  the  problem  of  the  reduction  of 
the  noise  of  jet  aircraft  engines  is  concerned,  there  has  also 
been  done  a  good  deal  of  work  on  the  problem  of  the  absorbtion 
of  noise  by  the  arrangement  of  engine  compartments  in  aircraft. 
Figure  4.49  is  an  illustrative  diagram  of  the  use  of  a  ,TT-9h 
engine  compartment  arrangement  as  it  appears  in  a  Boeing  747 
passenger  plane.  As  far  as  the  question  of  sound  absorbing 
arrangements  in  the  engine  compartments  of  aircraft  is  concerned, 
there  is  a  very  great  requirement  for  noise  absorbing  materials 
which  are  capable  of  resisting  high  temperatures  and  the  shock 
of  high  speed  air  flow:  Figure  4.50  is  an  illustrative  diagram 
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of  the  structure  of  some  materials  which  can  be  considered  for 
use  in  such  conditions. 


4.5.2  Silencing  of  Noise  from  the  Take  Off 
or  Ground  Operation  of  Jet  Aircraft 

The  use  of  exhaust  noise  silencers  is  a  relatively  effective 
way  of  lowering  the  jet  noise  which  is  produced  during  the  take  off 
or  ground  operation  of  jet  aircraft. 

On  the  basis  of  the  occasions  on  which  their  use  is  called  for 
and  the  environment  in  which  that  use  takes  place,  it  is  possible 
to  divide  noise  silencers  into  three  types:  fixed  noise  silencers; 
moveable  noise  silencers;  and,  noise  silencing  aircraft  beds  which 


Figure  4.48.  1.  Noise  Silencing  Results  From 

Noise  Suppressive  Jet  Nozzles.  2.  Meters  Alti¬ 
tude.  3.  Decibels.  4.  Without  Sound  Silencing. 
5.  With  the  Addition  of  Sound  Suppressive  Jet 
Nozzles.  6.  Hertz. 


are  capable  of  containing  the  entire  aircraft  involved.  All  of 
these  noise  silencers  are  relatively  clumsy,  have  very  large  volumes 
and  have  lengths  that  reach  to  ten  or  twenty  meters.  In  principle, 
they  are  composed  of  three  main  sections  or  parts  (see  Figure 
4.51)  . 
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Figure  4.49.  1.  Ah  Illustrative  Diagram  of 

the  Sound  Absorbing  Arrangement  in  the  JT-9D 
Engine  Compartment  of  a  Boeing  747  Passenger 
Plane.  2.  Sound  Absorbing  Sections  of  the 
Arrangement. 


Figure  4.50.  1.  An  illustrative  Diagram  of  the 

Basic  Structure  of  the  Sound  Absorbing  Components 
of  Engine  Beds.  2.  Perforated  Plate.  3.  A 

Honeycomb  Sandwiched  Between  the  Perforated 
Plates.  4.  The  Amount  of  Noise  Reduction  (Decibels) . 
5.  Low  Acoustic  Pressure  Level.  6.  High  Acoustic 
Pressure  Level.  7.  Pourous  Material.  8.  Air  Flow. 


1.  Induced  Flow  Section:  Concerning  the  high  temperature, 
high  speed  gases  which  are  put  out  by  the  jet  nozzle,  the  jet  noise 
silencers  take  large  amounts  of  air  which  is  at  normal  temperature 


(the  secondary  flow)  and  induce  them  to  enter  the  noise  silencers; 
in  this  way,  not  only  is  the  temperature  of  the  air  flow  of  the 
jet  lowered,  causing  the  noise  silencers  to  be  unlikely  to  lose 
their  effectiveness  due  to  the  effects  of  high  temperatures,  but 
also,  this  procedure  causes  the  lowering  of  the  speed  of  the  jet 
air  flow,  which  causes  the  level  of  noise  to  be  reduced  somewhat. 

2.  Diffusion  Apparatus:  These  apparatuses  are,  structurally 
speaking,  formed  in  the  shape  of  a  plate  or  an  arc  or  a  sharp  cone, 
and  they  are  formed  out  of  perforated  steel  plate;  they  are  posi¬ 
tioned  on  a  horizontal  cross  section  of  a  jet  gas  flow.  The  func¬ 
tion  of  these  apparatuses  is  to  break  up  the  formation  of  jet 
noise,  to  lower  the  speed  of  the  jet  gas  flow,  to  take  the  low 
frequency  portion  of  the  jet  noise  and  turn  it  into  a  high  frequency 
component  and,  thereby,  to  achieve  a  relatively  large  decrease  in 
the  amount  of  jet  noise,  particularly  low  frequency  noise. 
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Figure  4.51.  An  Illustrative  Diagram  of  a  Noise  Silencer 
for  Use  During  the  Take  Off  of  Jet  Aircraft  or 
During  Their  Ground  Operation.  2.  Secondary  Flow. 

3.  Cone-shaped  Grid.  4.  Noise  Absorbing 
Structure.  5.  Noise  Silencer.  6.  Jet  Exhaust. 

7.  Diffusion  Apparatus.  8.  Induced  Flow  Blades. 

3.  Noise  Silencers  Which  Carry  With  Them  Noise  Absorbing 
Structures:  The  flow  induction  section  and  the  diffusion  apparatus 

section  are  capable  of  lowering  the  jet  speed  and  the  temperature 
of  the  jet  flow;  moreover,  they  are  capable  of  causing  a  reduction 
of  a  certain  size  in  the  noise  produced.  However,  large  scale 
reductions  in  noise  from  jets  is  still  dependent  upon  noise  silenc¬ 
ing  sections  which  have  noise  absorbing  structures  which  accompany 
them.  These  noise  silencing  sections  are  similar  to  the  exhaust 
air  release  noise  silencer  in  Section  4.1;  most  such  devices  are 
of  a  blade  type,  a  folded  plate  type  or  an  acoustic  flow  type. 
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Figure  4.52.  1.  An  Example  of  a  Noise  Silencer 

for  Use  During  the  Take  Off  of  Aircraft  or 
During  Their  Ground  Operation. 

However,  one  ought  to  pay  attention  to  the  fact  that  noise  absorb¬ 
ing  materials  and  noise  absorbing  structures  should  be  resistant 
to  high  heat  and  fuel  vapor  as  well  as  to  shock  erosion  (it  is 
possible  to  employ  glass  cotton  with  a  high  silicon  oxide  component, 
fire  resistant  brick  or  sound  absorbing  structures  made  out  of 
perforated  metallic  plates) ;  in  the  jet  exhausts,  the  placement  of 
elbow-shaped  devices  which  have  noise  absorbing  materials  in  them 
as  well  as  the  placement  of  induction  flow  plates  causes  the 
exhaust  put  out  through  the  noise  silencers  to  be  turned  skyward. 

Figure  4.52  is  an  example  of  a  noise  silencer  for  use  during 
the  take  off  of  aircraft  or  during  their  ground  operation. 

4.5.3  The  Lowering  of  Noise  From  Rockets 

Ordinarily,  rockets  experience  ignition  on  the  launching  pad 
and  take  off  vertically  from  there;  the  noise  they  put  out  is 
extremely  strong.  Due  to  the  fact  that  the  noise  from  these 
rockets  has  a  maximum  frequency  value  which  is  in  the  extremely 
low  range,  it  is  relatively  difficult  to  eliminate;  moreover,  the 
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rockets  put  out  jet  gases  which  are  at  2000°C  and  over,  and  it  is 
not  easy  to  find  materials  which  have  good  properties  in  the  areas 
of  resistance  to  high  temperatures  and  resist2mce  to  high  speed 
air  flow  shock;  because  of  these  factors,  the  problem  of  the 
control  of  the  ground  noise  put  out  by  rockets  has  still  not  reached 
a  thoroughgoing  solution. 

At  present,  concerning  the  methods  for  the  lowering  of  the 
noise  put  out  by  rockets,  the  principal  ones  are  the  use  of  various 
models  of  jet  blast  deflection  plates.  These  deflection  plates 
cause  the  jet  blast  from  the  rockets  to  be  diffused,  and,  as  a  result 
of  this,  lowers  the  noise  produced  by  the  jet  from  the  rocket, 
particularly  the  low  frequency  noise. 

Besides  this,  concerning  the  building  of  underground  launching 
silos,  the  installation  on  the  walls  within  the  silos  of  heat  resis¬ 
tant  and  blast  resistant  sound  absorbing  materials  or  of  soiind 
absorbing  structures  is  also  a  method  for  reducing  the  noise  put 
out  by  rockets;  the  sound  absorbing  structures  in  the  engine  bed 
which  is  illustrated  in  Figure  4.50  as  well  as  the  double  layer 
perforated  plate  noise  absorbing  structure  are  both  methods  which 
can  be  selected  for  use. 

Appendix  1  Resistance  Losses  (Pressure  Reductions) 
in  Commonly  Seen  Piping^ 

1.  Friction  Resistance  Losses. 

If  we  use  a  formula  to  represent  them,  then,  it  is 
Ap  -  ^  •  r  •  10-"  (kg/cm2 ) 

d.  2g 

In  this  formula,  is  the  coefficient  of  friction  resistance; 

1  is  the  length  of  the  piping  in  meters;  d^  is  the  effective  diameter 
of  the  piping  in  meters;  v  is  the  average  flow  speed  in  meters 
per  second;  g  is  the  acceleration  of  gravity  which  is  9.81  m/sec^; 
and,  Y  is  the  gas  density  in  kg/m^. 

Concerning  the  generality  of  noise  silencers,  most  of  them  are 
rough  pipes;  their  coefficients  of  friction  resistance  are  dependent 
on  the  corresponding  degree  of  roughness  of  the  walls  of  the  pipes, 
and  the  nximerical  values  for  these  two  quantities  are  as  shown  in 
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Appendix  Table  1.  1.  Appendix  Table  1  The 

Coefficients  of  Friction  Resistance  Cp  (Reynolds 
No  Re  >  10=) .  2.  Corresponding  Degree  of  Rough¬ 

ness.  3.  Coefficient  of  Friction  Resistance. 

In  the  Table,  e  is  the  absolute  degree  of  roughness  of  the 
wall  surface.  As  far  as  cast  iron  pipe  is  concerned,  e  =  0.25  mm 
as  far  as  cold  drawn  and  cold  rolled  steel  pipe  is  concerned, 
s  =  0.04  mm;  and,  as  far  as  perforated  plate  is  concerned,  it  has 
an  order  of  magnitude  which  is  the  same  as  the  diameter  of  the 
perforations. 

In  ordinary  diameter  piping,  e/dg  can  be  chosen  as  2%.  Cp 
can  be  chosen  as  0.05.  In  general,  friction  resistance  losses 
are  not  the  main  source  of  resistance  losses  in  noise  silencers. 

2.  Local  Resistance  Losses 

The  local  friction  losses  which  are  caused  when  changes  are 
produced  in  the  direction  and  cross  section  area  of  the  gas  flow 
are 


Ap  —  I  ^  ^  •  r  X  10"*  ( kg/cm^ ) 

In  this  formula,  c  is  the  coefficient  of  local  resistance,  see 
Appendix  Table  2;  v  is  the  gas  flow  flow  speed  at  d^. 


^Taken  from  "Mechanical  Design  Handbook",  Fuel  Chemical 
Industry  Publishing  House,  1972. 
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Appendix  Table  3.  1.  Coefficients  of  Local 

Resistance  or  Drag  For  the  Exits  or  Exhausts 
of  Piping.  2.  The  Form  of  the  Exit  or  Exhaust. 

3.  Coefficient  of  Local  Drag  or  Resistance  c. 

4.  Flowing  Out  From  a  Straight  Pipe.  5. 
Turbulence  Flow.  6.  Laminar  Flow.  7.  During 
Turbulence  Flow.  8.  During  Laminar  Flow.  9. 
Flowing  Out  From  a  Cone-shaped  Jet  Nozzle. 

10.  Flowing  Out  from  the  Conical  Diffuser  Exhaust 
or  Exit  of  a  Pipe.  11.  Flowing  Out  From  a  Pipe 
Bent  90°. 
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Appendix  Table  4.  1.  Coefficients  of  Local 

Resistance  or  Drag  Where  There  is  an  Expansion 
in  a  Pipe.  2.  The  Form  of  the  Expansion  in  the 
Pipe.  3.  Coefficients  of  Local  Resistance  or 
Drag  4.  When  a  =  180°,  this  is  a  sudden 
expansion.  5.  Note;  A  and  A  are  the  passage 
areas  of  the  pipe  which  ^orrespind  to  the  interior 
diameters  d  and  d  .  6.  Within  this  table  the 

effects  of  irictioA  losses  have  not  yet  been  fig¬ 
ured  in;  their  values  are  figured  according  to  the 
formula  below. 
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Appendix  Table  5.  1.  Coefficients  of  Local  Drag 

or  Resistance  in  Places  where  Pipes  are  Contracted 
2.  The  Form  of  the  Contraction  of  the  Pipe.  3. 
Coefficients  of  local  Friction  or  Drag  c .  4.  c 

is  the  value  of  c,  according  to  the  "Quantity  4" 
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Appendix  Table  5  (continued) .  "The  Entrance  or 

Intake  of  the  Pipe  is  Chamfered"  as  it  is  found 

in  Appendix  Table  2,  5,  A  and  A.  are  the  passage 

areas  of  the  pipe  which  correspond'^to  the  interior 

diameters  d  and  d,  . 

o  1 


Appendix  Table  6.  1.  Coefficients  of  Local 

Drag  or  Resistance  for  a  Bent  Pipe.  2.  The 
Form  of  the  Bent  Pipe.  3.  Coefficients  of 
Local  Drag  or  Resistance  4.  A  Folded  Tube. 

5.  A  Tube  With  an  Even  Bend.  6.  Note:  (1) 
Concerning  the  cast  elbow  of  the  coarse  pipe 
wall,  when  there  is  turbulence  flow,  the  numer¬ 
ical  value  of  c ■*  should  be  3-4.5  times  larger 
than  the  values  found  in  the  table  above.  (2) 
The  situation  when  two  bent  pipes  are  hooked 
together. 
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Appendix  Table  7.  1.  Coefficients  of  Local 

Resistance  or  Drag  in  Branch  Tubes.  2.  Form 
and  Direction  of  Plow.  3.  Note:  (1)  On  the 
basis  of  the  Table  above,  it  is  possible  to 
organize  the  situation  into  various  types  of 
branching  flows  or  converging  flows;  (2)  v  in 
the  formula  for  figuring  the  local  resistance 
or  drag  ought  to  be  the  average  flow  speed  of 
the  fuel  flow  in  the  main  tube  path. 
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Append.!::  Table  8.  Coefficients  of  Local 
Resistance  or  Drag  for  Filter  Nets.  2. 
is  the  effective  passage  area  of  the  filter 
net  (m^);  A  is  the  total  area  of  the  filter 
net  (m’) ;  v  is  the  flow  speed  of  the  fuel 
flowing  in  the  front  of  the  filter  (m/sec) 
(the  total  area  going  through  the  net) ; 

6  is  the  average  diameter  of  the  filter 
filaments;  v  is  the  kinetic  viscosity  of 
the  fuel  (5  and  v) ,  in  the  original  material, 
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1.  Sound  Absorbing  Material.  2.  Density  (kg/m^) . 
3.  Coefficient  of  Thermal  Conductivity  (kilo- 
calories/m*sec*degree) .  4.  Highest  Temperature 

of  Employment.  5.  Lowest  Temperature  of  Employ¬ 
ment  (C°) .  6.  Sponge  Plastic.  7.  Fiber  Glass 

Products.  8.  Ordinary  Very  Fine  Glass  Cotton. 

9.  Non-alkaline  Very  Fine  Glass  Cotton.  10. 

High  Silicon  Oxide  Content  Glass  Cotton.  11.  Slag 
Cotton  Products.  12.  Slag  Cotton.  13.  Pourous 
Sound-absorbing  Brick.  14.  Perforated  Metallic 
Plate.  15.  and  up. 
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Appendix  3.  Relationships  between  the  Rate  of 
Perforation  and  the  Hols  Diameter  and  Distance 
From  the  Center  of  One  Hole  to  the  Center  of 
Another. 

In  the  case  of  a  triangular  arrangement  Y. 

-  « {±\* 

In  the  case  of  a  square  arrangement  ^  \l/’ 


In  these  equations;  P  is  the  perforation  rate;  d  is  the  diameter 
of  the  circular  holes;  and,  1  is  the  distance  between  the  center  of 
one  hole  and  the  center  of  another. 
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The  relationships  between  P,  d  and  1  can  be  used  as  they  are  dis¬ 
played  in  the  table  below. 
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1.  Triangular  Arrangement.  2.  Square 
Arrangement. 


Appendix  4.  A  Calculation  Diagram  for  the 
Resonant  Frequencies  of  Perforated  Plate  Sound 
Absorbing  Materials. 
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1.  cm.  2.  Hertz.  3.  A  Calculation  Diagram  for 
the  Resonant  Frequencies  of  Structural  Bodies  Made 
From  Perforated  Plate.  4,  Plate  Thickness.  5. 

Hole  Diameter.  6.  Perforation  Rate.  7,  Rear  Air 
Layer  Thickness.  8.  When  we  already  know  four  of 
the  quantities  in  t,  d,  P,  D  and  f^,  then,  it  is 
possible  to  solve  for  the  other  quantity.  For  exam¬ 
ple,  if  we  already  know  the  thickness  of  the  perforated 
plate  and  the  rear  air  layer  thickness,  then,  if  we 
are  going  to  solve  for  f  ,  we  must  first  take  the 
(t+0.8d)  which  corresponds  to  the  perforated  plate  and, 
using  a  straight  line,  connect  it  to  P;  then,  take  the 
point  at  which  this  first  straight  line  crossed  m  and 
join  this  point  to  the  appropriate  point  on  D;  the 
point  at  which  this  line  crosses  the  f^  line  is  the 
resonant  frequency  we  are  looking  for. 
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